
New Observations Probing Particle 
Acceleration in GRB Outflows

1Andrew Taylor

THESE ARE EXCITING TIMES!
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Why Do Non-Thermal Particles 
Exist?

WARNING- EXISTENCE QUESTIONS ARE HARD!



Thermal Particles
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Why the Exponential Cutoff?

E1 E2 E3 E4 E5 E6

100 100 100 100 100 100

101 99 100 100 100 100

101 99 100 100 99 101

100 99 101 100 99 101

100 98 101 100 99 102

99 99 101 100 99 102

Ensemble of particles exchanging energies:
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Why the Exponential Cutoff?
Ensemble of particles exchanging energies:
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But we don’t always observe an 
exponential cutoff
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The Origin of the Power-law Tail

�

�

�

�

�

�

Note the assumption 
here that magnetic 
turbulence exists

DxxDpp ⇡ �2
scatp
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Random Walks x

t

f(x, t) = �(t+ 1)/[�([t� x]/2+ 1)�([x+ t]/2+ 1)]/(2t)

f(x, t) ⇡ e�x2/(2t)

[⇡/(t/2)]1/2

�(t+ 1) = t!

�(t+ 1) =

Z 1

0
xte�xdx



Random Walks
Spatial spread:

Momentum spread:

dN

dx
/ e�x2/4Dxxt

dN

dp
/ e�(lnp)2/4(Dpp/p

2)t

dN

dx
/ e�x2/4c2tscatt

dN

dp
/ e�(lnp)2/4(t/tacc)

DxxDpp ⇡ �2
scatp
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<latexit sha1_base64="H5rx8wFFY/16bFPa89/gMaa3tNc=">AAACF3icbVC7SgNBFJ2Nr7i+opY2g0GwCrshqGXQxjKCeUA2hruTWR0y+2DmrhiW/Qsbf8XGQhFb7fwbJ49CEw8MHM45lzv3+IkUGh3n2yosLa+srhXX7Y3Nre2d0u5eS8epYrzJYhmrjg+aSxHxJgqUvJMoDqEvedsfXoz99j1XWsTRNY4S3gvhNhKBYIBG6pcqnh9kNvYzYCz3IElU/EC9QAHLjKhNLM8zz+cIN9XczvulslNxJqCLxJ2RMpmh0S99eYOYpSGPkEnQuus6CfYyUCiY5LntpZonwIZwy7uGRhBy3csmd+X0yCgDGsTKvAjpRP09kUGo9Sj0TTIEvNPz3lj8z+umGJz1MhElKfKITRcFqaQY03FJdCAUZyhHhgBTwvyVsjswpaCp0jYluPMnL5JWteKeVGpXtXL9fFZHkRyQQ3JMXHJK6uSSNEiTMPJInskrebOerBfr3fqYRgvWbGaf/IH1+QNB5qCe</latexit>

tacc ⇡ tscat
�2

<latexit sha1_base64="NVqKrrsRpWBAkGteaBlyOapXKnk=">AAACD3icbVDLSsNAFJ34rPEVdelmsCiuSiJFXRZ14bKCVaEpZTK90cFJMszcCCXkD9z4K25cKOLWrTv/xmmbha8DA4dz7uXOOZGSwqDvfzpT0zOzc/O1BXdxaXll1VtbvzBZrjl0eCYzfRUxA1Kk0EGBEq6UBpZEEi6j2+ORf3kH2ogsPcehgl7CrlMRC87QSn1vJ4ziwg1jzXgRnoBERlVZqDJUOlOY0TACZG7Z9+p+wx+D/iVBReqkQrvvfYSDjOcJpMglM6Yb+Ap7BdMouITSDXMDivFbdg1dS1OWgOkV4zwl3bbKgMaZti9FOla/bxQsMWaYRHYyYXhjfnsj8T+vm2N82CtEqnKElE8OxbmkNuioHDoQGjjKoSWMa2H/SvkNs92grdC1JQS/I/8lF3uNYL/RPGvWW0dVHTWySbbILgnIAWmRU9ImHcLJPXkkz+TFeXCenFfnbTI65VQ7G+QHnPcv/6ucpg==</latexit>

�p

p
/ �
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Green’s Function for Stochastic 
Acceleration
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Why Does Magnetic Turbulence 
Exist?

WARNING- EXISTENCE QUESTIONS ARE HARD!



Hydro Turbulence

Image from University of Sydney

Richardson, 1922
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Hydrodynamics

A brief comment-

<latexit sha1_base64="iR343pTn53Xi9TfsfC2DpQCKn3w=">AAACJ3icbVDLSgMxFM34rOOr6tJNsAiCUGZE1I1SdOOygq1CZyh3Mpk2mEmGJCOUYf7Gjb/iRlARXfonpg/weSBwOOdebs6JMs608bx3Z2p6ZnZuvrLgLi4tr6xW19bbWuaK0BaRXKrrCDTlTNCWYYbT60xRSCNOr6Kbs6F/dUuVZlJcmkFGwxR6giWMgLFSt3oSREnhBokCUgQZKMOA40D1Jb4tvwRT7gYCIg4BiaXBzePRRM8tu9WaV/dGwH+JPyE1NEGzW30KYknylApDOGjd8b3MhMXwDuG0dINc0wzIDfRox1IBKdVhMcpZ4m2rxDiRyj5h8Ej9vlFAqvUgjexkCqavf3tD8T+vk5vkKCyYyHJDBRkfSnKbW+JhaThmihLDB5YAUcz+FZM+2M6Mrda1Jfi/I/8l7b26f1Dfv9ivNU4ndVTQJtpCO8hHh6iBzlETtRBBd+gBPaMX5955dF6dt/HolDPZ2UA/4Hx8AjGSph0=</latexit>

@⇢v

@t
+r ·P = ⇢g

<latexit sha1_base64="Ba0W5pRc/vy5FOKI35sPWqoHgvE=">AAAB/XicbVDLSsNAFJ3UV42v+Ni5GSyCIJREiroRim50V8E+oAllMp20QyczYWZSqKH4K25cKOLW/3Dn3zhts9DWAxcO59zLvfeECaNKu+63VVhaXlldK67bG5tb2zvO7l5DiVRiUseCCdkKkSKMclLXVDPSSiRBcchIMxzcTPzmkEhFBX/Qo4QEMepxGlGMtJE6zoEfRpldu0ruTn3ZF3AIh/a445TcsjsFXCReTkogR63jfPldgdOYcI0ZUqrtuYkOMiQ1xYyMbT9VJEF4gHqkbShHMVFBNr1+DI+N0oWRkKa4hlP190SGYqVGcWg6Y6T7at6biP957VRHl0FGeZJqwvFsUZQyqAWcRAG7VBKs2cgQhCU1t0LcRxJhbQKzTQje/MuLpHFW9s7LlftKqXqdx1EEh+AInAAPXIAquAU1UAcYPIJn8ArerCfrxXq3PmatBSuf2Qd/YH3+AG2+k+4=</latexit>

P = pI+ ⇢vv

Momentum flux 
conservation 

Spatial part of stress energy 
tensor

<latexit sha1_base64="NQaBRY5XN4CfLMji8PnpIIsSy2g="></latexit>

⇢
@v

@t
+ ⇢(v ·r)v = �rp+ ⇢g
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Magneto-Hydrodynamics

A brief comment-

<latexit sha1_base64="Ba0W5pRc/vy5FOKI35sPWqoHgvE=">AAAB/XicbVDLSsNAFJ3UV42v+Ni5GSyCIJREiroRim50V8E+oAllMp20QyczYWZSqKH4K25cKOLW/3Dn3zhts9DWAxcO59zLvfeECaNKu+63VVhaXlldK67bG5tb2zvO7l5DiVRiUseCCdkKkSKMclLXVDPSSiRBcchIMxzcTPzmkEhFBX/Qo4QEMepxGlGMtJE6zoEfRpldu0ruTn3ZF3AIh/a445TcsjsFXCReTkogR63jfPldgdOYcI0ZUqrtuYkOMiQ1xYyMbT9VJEF4gHqkbShHMVFBNr1+DI+N0oWRkKa4hlP190SGYqVGcWg6Y6T7at6biP957VRHl0FGeZJqwvFsUZQyqAWcRAG7VBKs2cgQhCU1t0LcRxJhbQKzTQje/MuLpHFW9s7LlftKqXqdx1EEh+AInAAPXIAquAU1UAcYPIJn8ArerCfrxXq3PmatBSuf2Qd/YH3+AG2+k+4=</latexit>

P = pI+ ⇢vv

Momentum flux 
conservation 

<latexit sha1_base64="jmYbwx4SPE/UgGF+0yK5KxsWooU="></latexit>

@⇢v

@t
+r · (P�PM) = ⇢g

<latexit sha1_base64="yaUu98z2d/1VtbUSLEgIzn74ieU=">AAACGnicbZDLSsNAFIYn9VbjLerSTbAIgliSUrQbodSNLoQK9gJNLJPppB06uTAzEcqQ53Djq7hxoYg7cePbOGmz0NYfBn6+cw5nzu/FlHBhWd9aYWl5ZXWtuK5vbG5t7xi7e20eJQzhFopoxLoe5JiSELcEERR3Y4Zh4FHc8caXWb3zgBknUXgnJjF2AzgMiU8QFAr1DdvxfKk3+/ImvTh1fAaRbNzLSprKmhOT9PokZ41UVjOgp32jZJWtqcxFY+emBHI1+8anM4hQEuBQIAo579lWLFwJmSCI4lR3Eo5jiMZwiHvKhjDA3JXT01LzSJGB6UdMvVCYU/p7QsKA80ngqc4AihGfr2Xwv1ovEX7NlSSME4FDNFvkJ9QUkZnlZA4Iw0jQiTIQMaL+aqIRVFkIlaauQrDnT1407UrZPitXb6uleiOPowgOwCE4BjY4B3VwBZqgBRB4BM/gFbxpT9qL9q59zFoLWj6zD/5I+/oBiM+glA==</latexit>

PM = �B2

8⇡
I+

BB

4⇡
Maxwell stress tensor
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Galactic Magneto-Hydro Turbulence
One of the key drivers is thought to be Supernova explosions

<latexit sha1_base64="4GbSGtqh6va07TWLLw4YpK/idQ8=">AAAB9XicbVDLSsNAFL2prxpfVZduBovgqiSi6LLoxmUF+4Amlslk0g6dTMLMRCmh/+HGhSJu/Rd3/o2TNgttPTBwOOdc7p0TpJwp7TjfVmVldW19o7ppb23v7O7V9g86KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g3GN4XffaRSsUTc60lK/RgPBYsYwdpID14Q5bbHTT7E9nRQqzsNZwa0TNyS1KFEa1D78sKEZDEVmnCsVN91Uu3nWGpGOJ3aXqZoiskYD2nfUIFjqvx8dvUUnRglRFEizRMazdTfEzmOlZrEgUnGWI/UoleI/3n9TEdXfs5EmmkqyHxRlHGkE1RUgEImKdF8YggmkplbERlhiYk2RdmmBHfxy8ukc9ZwLxrO3Xm9eV3WUYUjOIZTcOESmnALLWgDAQnP8Apv1pP1Yr1bH/NoxSpnDuEPrM8fqh+R9w==</latexit>

�

Note for MHD turbulence, the theoretically expected 
turbulence index is still debated
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<latexit sha1_base64="xGB74sP2WUMef+ztibfBmfZ8fp8="></latexit>

�B2 =

Z
d(�B2)

d lnk
d lnk =

Z
�B2

kd lnk

<latexit sha1_base64="r1CAFOaotlRleuBLkt/shAfJKkQ="></latexit>

�B2
k = �B2

0

✓
k

k0

◆1�↵



Andrew Taylor

Charged Particles in Magnetic Fields
Note- a lot of what you may have studied about charged particle propagation in 
magnetic fields likely assumed magnetic field variation was on much longer length 
scales than particle Larmor radius.
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What Do Shocks Do?



Reminder: (Non-Rel.) Shocks

The fastest speed information in plasmas can be transmitted is 
the sound speed. When plasmas travel faster than this, they set 
up a shock- the upstream region is not able to know what is 
coming (a surprise!).

upstreamdownstream
<latexit sha1_base64="rEVX4VdM8S2rCyja6FK6SZWBcCw=">AAACAHicbZDLSsNAFIYnXmu8RV24cDNYhApSElF0WXTjsoK9QBPCZDpph05mwsxEKCEbX8WNC0Xc+hjufBsnbRfa+sPAx3/O4cz5o5RRpV3321paXlldW69s2Jtb2zu7zt5+W4lMYtLCggnZjZAijHLS0lQz0k0lQUnESCca3Zb1ziORigr+oMcpCRI04DSmGGljhc6hH8W5XUvD3CvOfDkUJZzaRehU3bo7EVwEbwZVMFMzdL78vsBZQrjGDCnV89xUBzmSmmJGCtvPFEkRHqEB6RnkKCEqyCcHFPDEOH0YC2ke13Di/p7IUaLUOIlMZ4L0UM3XSvO/Wi/T8XWQU55mmnA8XRRnDGoByzRgn0qCNRsbQFhS81eIh0girE1mtgnBmz95Edrnde+y7t5fVBs3szgq4AgcgxrwwBVogDvQBC2AQQGewSt4s56sF+vd+pi2LlmzmQPwR9bnDwoAlWc=</latexit>

(p1, ⇢1)
<latexit sha1_base64="0r7nip1zAvYRVaP383yBKWTSw7w=">AAACAHicbZDLSsNAFIYn9VbjLerChZtgESpISYqiy6IblxXsBZoQJtNJO3QyE2YmQgnZ+CpuXCji1sdw59s4abPQ1h8GPv5zDmfOHyaUSOU430ZlZXVtfaO6aW5t7+zuWfsHXclTgXAHccpFP4QSU8JwRxFFcT8RGMYhxb1wclvUe49YSMLZg5om2I/hiJGIIKi0FVhHXhhlZj0JsmZ+7okxL+DMzAOr5jScmexlcEuogVLtwPryhhylMWYKUSjlwHUS5WdQKIIozk0vlTiBaAJHeKCRwRhLP5sdkNun2hnaERf6MWXP3N8TGYylnMah7oyhGsvFWmH+VxukKrr2M8KSVGGG5ouilNqK20Ua9pAIjBSdaoBIEP1XG42hgEjpzEwdgrt48jJ0mw33suHcX9RaN2UcVXAMTkAduOAKtMAdaIMOQCAHz+AVvBlPxovxbnzMWytGOXMI/sj4/AENGZVp</latexit>

(p2, ⇢2)

<latexit sha1_base64="j7pURxy54m9pOg9Mz7C8yGWlX3o=">AAAB83icbVBNS8NAEJ3Urxq/qh69LBbBU0mKoseiF48V7Ac0oWy2m3bpZhN2N4US8je8eFDEq3/Gm//GbZqDtj4YeLw3w8y8IOFMacf5tiobm1vbO9Vde2//4PCodnzSVXEqCe2QmMeyH2BFORO0o5nmtJ9IiqOA014wvV/4vRmVisXiSc8T6kd4LFjICNZG8rwgzOzZMGvmdj6s1Z2GUwCtE7ckdSjRHta+vFFM0ogKTThWauA6ifYzLDUjnOa2lyqaYDLFYzowVOCIKj8rbs7RhVFGKIylKaFRof6eyHCk1DwKTGeE9UStegvxP2+Q6vDWz5hIUk0FWS4KU450jBYBoBGTlGg+NwQTycytiEywxESbmGwTgrv68jrpNhvudcN5vKq37so4qnAG53AJLtxACx6gDR0gkMAzvMKblVov1rv1sWytWOXMKfyB9fkDNzqRJQ==</latexit>v2
<latexit sha1_base64="lVIQkpXBg+9TtTxHZZ57A0UyPzM=">AAAB83icbVDLSsNAFL2prxpfVZduBovgqiSi6LLoxmUF+4AmlMl00g6dTMI8CiXkN9y4UMStP+POv3HaZqHVAxcO59zLvfdEGWdKe96XU1lb39jcqm67O7t7+we1w6OOSo0ktE1SnspehBXlTNC2ZprTXiYpTiJOu9Hkbu53p1QqlopHPctomOCRYDEjWFspCKI4d6eD3C/cYlCrew1vAfSX+CWpQ4nWoPYZDFNiEio04Vipvu9lOsyx1IxwWriBUTTDZIJHtG+pwAlVYb64uUBnVhmiOJW2hEYL9edEjhOlZklkOxOsx2rVm4v/eX2j45swZyIzmgqyXBQbjnSK5gGgIZOUaD6zBBPJ7K2IjLHERNuYXBuCv/ryX9K5aPhXDe/hst68LeOowgmcwjn4cA1NuIcWtIFABk/wAq+OcZ6dN+d92Vpxyplj+AXn4xs1s5Ek</latexit>v1

Shock converts ram pressure ( ) into thermal pressure ( )
<latexit sha1_base64="cpTk+jtf9xZHS+r8tntUSmSEHZ4=">AAAB+nicbVDLSsNAFJ3UV42vVJduBovgqiRF0WXRjcsK9gFNLJPppB06mQkzk0qJ+RQ3LhRx65e482+ctllo64ELh3Pu5d57woRRpV332yqtrW9sbpW37Z3dvf0Dp3LYViKVmLSwYEJ2Q6QIo5y0NNWMdBNJUBwy0gnHNzO/MyFSUcHv9TQhQYyGnEYUI22kvlPxwyizfTkScPKQ1XM77ztVt+bOAVeJV5AqKNDsO1/+QOA0JlxjhpTqeW6igwxJTTEjue2niiQIj9GQ9AzlKCYqyOan5/DUKAMYCWmKazhXf09kKFZqGoemM0Z6pJa9mfif10t1dBVklCepJhwvFkUpg1rAWQ5wQCXBmk0NQVhScyvEIyQR1iYt24TgLb+8Str1mndRc+/Oq43rIo4yOAYn4Ax44BI0wC1oghbA4BE8g1fwZj1ZL9a79bFoLVnFzBH4A+vzBy4fk0w=</latexit>

⇢v2 <latexit sha1_base64="kQGt4mm23BicRfniUTgiGZ94E9c=">AAAB73icbVBNS8NAEJ3Urxq/qh69LBbBU0lE0WPRi8cKthbaUDbbSbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLK6tr6RnnT3dre2d2r7B+0dJIphk2WiES1Q6pRcIlNw43AdqqQxqHAh3B0M/UfnlBpnsh7M04xiOlA8ogzaqzU7oZR7qbupFepejVvBrJM/IJUoUCjV/nq9hOWxSgNE1Trju+lJsipMpwJnLjdTGNK2YgOsGOppDHqIJ/dOyEnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmT5P+lwhM2JsCWWK21sJG1JFmbERuTYEf/HlZdI6q/kXNe/uvFq/LuIowxEcwyn4cAl1uIUGNIGBgGd4hTfn0Xlx3p2PeWvJKWYO4Q+czx84no9u</latexit>p
Andrew Taylor



Collisional Shock- Conservation 
Conditions

upstreamdownstream
<latexit sha1_base64="rEVX4VdM8S2rCyja6FK6SZWBcCw=">AAACAHicbZDLSsNAFIYnXmu8RV24cDNYhApSElF0WXTjsoK9QBPCZDpph05mwsxEKCEbX8WNC0Xc+hjufBsnbRfa+sPAx3/O4cz5o5RRpV3321paXlldW69s2Jtb2zu7zt5+W4lMYtLCggnZjZAijHLS0lQz0k0lQUnESCca3Zb1ziORigr+oMcpCRI04DSmGGljhc6hH8W5XUvD3CvOfDkUJZzaRehU3bo7EVwEbwZVMFMzdL78vsBZQrjGDCnV89xUBzmSmmJGCtvPFEkRHqEB6RnkKCEqyCcHFPDEOH0YC2ke13Di/p7IUaLUOIlMZ4L0UM3XSvO/Wi/T8XWQU55mmnA8XRRnDGoByzRgn0qCNRsbQFhS81eIh0girE1mtgnBmz95Edrnde+y7t5fVBs3szgq4AgcgxrwwBVogDvQBC2AQQGewSt4s56sF+vd+pi2LlmzmQPwR9bnDwoAlWc=</latexit>

(p1, ⇢1)
<latexit sha1_base64="0r7nip1zAvYRVaP383yBKWTSw7w=">AAACAHicbZDLSsNAFIYn9VbjLerChZtgESpISYqiy6IblxXsBZoQJtNJO3QyE2YmQgnZ+CpuXCji1sdw59s4abPQ1h8GPv5zDmfOHyaUSOU430ZlZXVtfaO6aW5t7+zuWfsHXclTgXAHccpFP4QSU8JwRxFFcT8RGMYhxb1wclvUe49YSMLZg5om2I/hiJGIIKi0FVhHXhhlZj0JsmZ+7okxL+DMzAOr5jScmexlcEuogVLtwPryhhylMWYKUSjlwHUS5WdQKIIozk0vlTiBaAJHeKCRwRhLP5sdkNun2hnaERf6MWXP3N8TGYylnMah7oyhGsvFWmH+VxukKrr2M8KSVGGG5ouilNqK20Ua9pAIjBSdaoBIEP1XG42hgEjpzEwdgrt48jJ0mw33suHcX9RaN2UcVXAMTkAduOAKtMAdaIMOQCAHz+AVvBlPxovxbnzMWytGOXMI/sj4/AENGZVp</latexit>

(p2, ⇢2)

<latexit sha1_base64="j7pURxy54m9pOg9Mz7C8yGWlX3o=">AAAB83icbVBNS8NAEJ3Urxq/qh69LBbBU0mKoseiF48V7Ac0oWy2m3bpZhN2N4US8je8eFDEq3/Gm//GbZqDtj4YeLw3w8y8IOFMacf5tiobm1vbO9Vde2//4PCodnzSVXEqCe2QmMeyH2BFORO0o5nmtJ9IiqOA014wvV/4vRmVisXiSc8T6kd4LFjICNZG8rwgzOzZMGvmdj6s1Z2GUwCtE7ckdSjRHta+vFFM0ogKTThWauA6ifYzLDUjnOa2lyqaYDLFYzowVOCIKj8rbs7RhVFGKIylKaFRof6eyHCk1DwKTGeE9UStegvxP2+Q6vDWz5hIUk0FWS4KU450jBYBoBGTlGg+NwQTycytiEywxESbmGwTgrv68jrpNhvudcN5vKq37so4qnAG53AJLtxACx6gDR0gkMAzvMKblVov1rv1sWytWOXMKfyB9fkDNzqRJQ==</latexit>v2
<latexit sha1_base64="lVIQkpXBg+9TtTxHZZ57A0UyPzM=">AAAB83icbVDLSsNAFL2prxpfVZduBovgqiSi6LLoxmUF+4AmlMl00g6dTMI8CiXkN9y4UMStP+POv3HaZqHVAxcO59zLvfdEGWdKe96XU1lb39jcqm67O7t7+we1w6OOSo0ktE1SnspehBXlTNC2ZprTXiYpTiJOu9Hkbu53p1QqlopHPctomOCRYDEjWFspCKI4d6eD3C/cYlCrew1vAfSX+CWpQ4nWoPYZDFNiEio04Vipvu9lOsyx1IxwWriBUTTDZIJHtG+pwAlVYb64uUBnVhmiOJW2hEYL9edEjhOlZklkOxOsx2rVm4v/eX2j45swZyIzmgqyXBQbjnSK5gGgIZOUaD6zBBPJ7K2IjLHERNuYXBuCv/ryX9K5aPhXDe/hst68LeOowgmcwjn4cA1NuIcWtIFABk/wAq+OcZ6dN+d92Vpxyplj+AXn4xs1s5Ek</latexit>v1

Number Flux:

Momentum Flux:

Energy Flux:

⇢1v1 = ⇢2v2

p1 + ⇢1v
2
1 = p2 + ⇢2v

2
2

w1v1 +
1

2
⇢1v

3
1 = w2v2 +

1

2
⇢2v

3
2
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Collisional Shock- Enthalpy

wrel. =
�

� � 1
p+ ⇢

= wnonrel. + ⇢

<latexit sha1_base64="iWcYqdiB3pSXLzqJkgPiv+Do3yU=">AAACDXicbVC7TsMwFHV4lvAKMLJYFCSmKkEgWJAqWBiLRB9SE0WO67RWbSeyHVAV5QdY+BUWBhBiZWfjb3DbDNBypCsdnXOvfe+JUkaVdt1va2FxaXlltbJmr29sbm07O7stlWQSkyZOWCI7EVKEUUGammpGOqkkiEeMtKPh9dhv3xOpaCLu9CglAUd9QWOKkTZS6Bz6UZzbfh9xji79WCKcP4S5SASUhNWKIieFXYRO1a25E8B54pWkCko0QufL7yU440RozJBSXc9NdZAjqSlm5kU/UyRFeIj6pGuoQJyoIJ9cU8Ajo/RgnEhTQsOJ+nsiR1ypEY9MJ0d6oGa9sfif1810fBHkVKSZJgJPP4ozBnUCx9HAHpUEazYyBGFJza4QD5CJRJsAbROCN3vyPGmd1Lyzmnt7Wq1flXFUwD44AMfAA+egDm5AAzQBBo/gGbyCN+vJerHerY9p64JVzuyBP7A+fwCGVJva</latexit>

� =
wnonrel.

e
<latexit sha1_base64="El+xt6+70AZySoDk8I9pcxqBpPo=">AAAB/nicbVDLSgMxFL1TX3V8jYorN8EiCEKZEUU3QtGNywr2AZ2hZNJMG5p5kGSEEgb8FTcuFHHrd7jzb0wfC209cOFwzr3JvSfMOJPKdb+t0tLyyupaed3e2Nza3nF295oyzQWhDZLyVLRDLClnCW0opjhtZ4LiOOS0FQ5vx37rkQrJ0uRBjTIaxLifsIgRrIzUdQ78MNL2tR8JTDQ9zQpNC7voOhW36k6AFok3IxWYod51vvxeSvKYJopwLGXHczMVaCwUI9y86OeSZpgMcZ92DE1wTGWgJ+sX6NgoPRSlwlSi0ET9PaFxLOUoDk1njNVAzntj8T+vk6voKtAsyXJFEzL9KMo5UikaZ4F6TFCi+MgQTAQzuyIywCYJZRKzTQje/MmLpHlW9S6q7v15pXYzi6MMh3AEJ+DBJdTgDurQAAIanuEV3qwn68V6tz6mrSVrNrMPf2B9/gCPnpU7</latexit>

=
e+ p

e

e =
p

� � 1

wnonrel. =
�

� � 1
p
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Collisional Shock- Cold Shock 
Case

Momentum Flux:

Energy Flux:

<latexit sha1_base64="hAtLZsLOmUYQF/3mOppxaGZbvdM=">AAACGXicbZBLS8NAEMc3Pmt8RT16WSyCIJQkKHoRil48VrAPaGLYbDft0s2D3U2hhHwNL34VLx4U8agnv42bNAdtHdjhz29mmJ2/nzAqpGl+a0vLK6tr67UNfXNre2fX2NvviDjlmLRxzGLe85EgjEakLalkpJdwgkKfka4/vinq3QnhgsbRvZwmxA3RMKIBxUgq5Bmm4weZ7vBR7GVWPinSQ2bnV4mn8umM2wW3S67nnlE3G2YZcFFYlaiDKlqe8ekMYpyGJJKYISH6lplIN0NcUsxIrjupIAnCYzQkfSUjFBLhZuVlOTxWZACDmKsXSVjS3xMZCoWYhr7qDJEciflaAf+r9VMZXLoZjZJUkgjPFgUpgzKGhU1wQDnBkk2VQJhT9VeIR4gjLJWZujLBmj95UXTshnXeMO/O6s3ryo4aOARH4ARY4AI0wS1ogTbA4BE8g1fwpj1pL9q79jFrXdKqmQPwJ7SvH2MDoIg=</latexit>

⇢1v
2
1 = p2 + ⇢2v

2
2

<latexit sha1_base64="fKloiuAHFUrM/GfyDG8K2GntQUQ="></latexit>

p2

⇢1v2
1

=

✓
1� v2

v1

◆

<latexit sha1_base64="yBIlWyzC7qHLinWIEMEqxTrHxB0="></latexit>

1

2
⇢1v

3
1 =

✓
�

� � 1

◆
p2v2 +

1

2
⇢2v

3
2

<latexit sha1_base64="Sq3hvQLnDNPYzBi9JtKXu2jSB9I="></latexit>

2�

� � 1

p2v2

⇢1v3
1

=

 
1�

✓
v2

v1

◆2
!

=

✓
1� v2

v1

◆✓
1+

v2

v1

◆
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Collisional Shock- Cold Shock 
Case

So what are collisional shocks good for?

<latexit sha1_base64="3r30jFevr1LSK/ppnild1e5DaOg="></latexit>

v2

v1

✓
1� v2

v1

◆
=

✓
� � 1

2�

◆ 
1�

✓
v2

v1

◆2
!

<latexit sha1_base64="W77PM4jqbfrAnMqJ1IRDB+XDfkA="></latexit>✓
v2

v1
� 1

◆✓
v2

v1
�

✓
� � 1

� + 1

◆◆
= 0

Andrew Taylor



Collisional Shock- Cold Shock 
Case

So what are collisional shocks good for?
Stimulating the unstimulated degrees of freedom in the 
system where momentum/energy can be stored

<latexit sha1_base64="3r30jFevr1LSK/ppnild1e5DaOg="></latexit>

v2

v1

✓
1� v2

v1

◆
=

✓
� � 1

2�

◆ 
1�

✓
v2

v1

◆2
!

<latexit sha1_base64="W77PM4jqbfrAnMqJ1IRDB+XDfkA="></latexit>✓
v2

v1
� 1

◆✓
v2

v1
�

✓
� � 1

� + 1

◆◆
= 0

Andrew Taylor

Eg:
<latexit sha1_base64="IppPqsZX9N8Rws/sgzxH48FVJTg=">AAACAnicbVDLSsNAFJ34rPEVdSVuBovgqiRaHxuh6MZlBfuAJpTJdNIOnZmEmYlQQnDjr7hxoYhbv8Kdf+O0zUJbD1w4nHMv994TJowq7brf1sLi0vLKamnNXt/Y3Np2dnabKk4lJg0cs1i2Q6QIo4I0NNWMtBNJEA8ZaYXDm7HfeiBS0Vjc61FCAo76gkYUI22krrPvh1Fm+33EObryI4lwdpZnp7mdd52yW3EngPPEK0gZFK h3nS+/F+OUE6ExQ0p1PDfRQYakppiR3PZTRRKEh6hPOoYKxIkKsskLOTwySg9GsTQlNJyovycyxJUa8dB0cqQHatYbi/95nVRHl0FGRZJqIvB0UZQyqGM4zgP2qCRYs5EhCEtqboV4gEwO2qRmmxC82ZfnSfOk4p1XqnfVcu26iKMEDsAhOAYeuAA1cAvqoAEweATP4BW8WU/Wi/VufUxbF6xiZg/8gfX5A2Cilso=</latexit>

� =
5

3

<latexit sha1_base64="LbhVi7aFTkIp4dD/o+LZ7q7M6Q4=">AAACF3icbZDLSsNAFIYn9VbjLerSTbAIrkJSiroRim5cVrAXaEKYTCft0MmFmYlQhnkLN76KGxeKuNWdb+O0jaCtBwY+/v8czpw/yinhwnW/jMrK6tr6RnXT3Nre2d2z9g86PCsYwm2U0Yz1IsgxJSluCyIo7uUMwySiuBuNr6d+9x4zTrL0TkxyHCRwmJKYICi0FFqOH8XS9GMGkfQjLGAo60r9oKfU5dzzlGwoU4VWzXXcWdnL4JVQA2W1QuvTH2SoSHAqEIWc9z03F4GETBBEsTL9guMcojEc4r7GFCaYB3J2l7JPtDKw44zplwp7pv6ekDDhfJJEujOBYsQXvan4n9cvRHwRSJLmhcApmi+KC2qLzJ6GZA8Iw0jQiQaIGNF/tdEI6hyEjtLUIXiLJy9Dp+54Z07jtlFrXpVxVMEROAanwAPnoAluQAu0AQIP4Am8gFfj0Xg23oz3eWvFKGcOwZ8yPr4BfoqgIw==</latexit>

�2

�1
=

1

4
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Relativistic Shocks
How does the compression ratio result change for relativistic shocks

upstreamdownstream
<latexit sha1_base64="rEVX4VdM8S2rCyja6FK6SZWBcCw=">AAACAHicbZDLSsNAFIYnXmu8RV24cDNYhApSElF0WXTjsoK9QBPCZDpph05mwsxEKCEbX8WNC0Xc+hjufBsnbRfa+sPAx3/O4cz5o5RRpV3321paXlldW69s2Jtb2zu7zt5+W4lMYtLCggnZjZAijHLS0lQz0k0lQUnESCca3Zb1ziORigr+oMcpCRI04DSmGGljhc6hH8W5XUvD3CvOfDkUJZzaRehU3bo7EVwEbwZVMFMzdL78vsBZQrjGDCnV89xUBzmSmmJGCtvPFEkRHqEB6RnkKCEqyCcHFPDEOH0YC2ke13Di/p7IUaLUOIlMZ4L0UM3XSvO/Wi/T8XWQU55mmnA8XRRnDGoByzRgn0qCNRsbQFhS81eIh0girE1mtgnBmz95Edrnde+y7t5fVBs3szgq4AgcgxrwwBVogDvQBC2AQQGewSt4s56sF+vd+pi2LlmzmQPwR9bnDwoAlWc=</latexit>

(p1, ⇢1)
<latexit sha1_base64="0r7nip1zAvYRVaP383yBKWTSw7w=">AAACAHicbZDLSsNAFIYn9VbjLerChZtgESpISYqiy6IblxXsBZoQJtNJO3QyE2YmQgnZ+CpuXCji1sdw59s4abPQ1h8GPv5zDmfOHyaUSOU430ZlZXVtfaO6aW5t7+zuWfsHXclTgXAHccpFP4QSU8JwRxFFcT8RGMYhxb1wclvUe49YSMLZg5om2I/hiJGIIKi0FVhHXhhlZj0JsmZ+7okxL+DMzAOr5jScmexlcEuogVLtwPryhhylMWYKUSjlwHUS5WdQKIIozk0vlTiBaAJHeKCRwRhLP5sdkNun2hnaERf6MWXP3N8TGYylnMah7oyhGsvFWmH+VxukKrr2M8KSVGGG5ouilNqK20Ua9pAIjBSdaoBIEP1XG42hgEjpzEwdgrt48jJ0mw33suHcX9RaN2UcVXAMTkAduOAKtMAdaIMOQCAHz+AVvBlPxovxbnzMWytGOXMI/sj4/AENGZVp</latexit>

(p2, ⇢2)

Number Flux:

Momentum Flux:

Energy Flux:

<latexit sha1_base64="gfTHIhk4mGhrl72mwmvnn0//QX8=">AAAB+XicbVBNS8NAEN3Urxq/oh69LBbBU0lE0WPRi8cK9gOaEDbbSbt0swm7m0IJ+SdePCji1X/izX/jts1Bqw8GHu/NMDMvyjhT2nW/rNra+sbmVn3b3tnd2z9wDo+6Ks0lhQ5NeSr7EVHAmYCOZppDP5NAkohDL5rczf3eFKRiqXjUswyChIwEixkl2kih4/hRXNh+BJqEhVfaZeg03Ka7AP5LvIo0UIV26Hz6w5TmCQhNOVFq4LmZDgoiNaMcStvPFWSETsgIBoYKkoAKisXlJT4zyhDHqTQlNF6oPycKkig1SyLTmRA9VqveXPzPG+Q6vgkKJrJcg6DLRXHOsU7xPAY8ZBKo5jNDCJXM3IrpmEhCtQnLNiF4qy//Jd2LpnfVdB8uG63bKo46OkGn6Bx56Bq10D1qow6iaIqe0At6tQrr2Xqz3petNauaOUa/YH18A540kv8=</latexit>

�1
<latexit sha1_base64="mVfWCxWTS0jDVTHbRRIVbW1Im2U=">AAAB+XicbVBNS8NAEN3Urxq/oh69LBbBU0mKoseiF48V7Ac0IWy2m3bpZhN2J4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8KBNcg+t+W5WNza3tnequvbd/cHjkHJ90dJoryto0FanqRUQzwSVrAwfBepliJIkE60bj+7nfnTCleSqfYJqxICFDyWNOCRgpdBw/igvbjxiQsGjM7Fno1Ny6uwBeJ15JaqhEK3S+/EFK84RJoIJo3ffcDIKCKOBUsJnt55plhI7JkPUNlSRhOigWl8/whVEGOE6VKQl4of6eKEii9TSJTGdCYKRXvbn4n9fPIb4NCi6zHJiky0VxLjCkeB4DHnDFKIipIYQqbm7FdEQUoWDCsk0I3urL66TTqHvXdffxqta8K+OoojN0ji6Rh25QEz2gFmojiiboGb2iN6uwXqx362PZWrHKmVP0B9bnD5+7kwA=</latexit>

�2

<latexit sha1_base64="9kDk0bhP2uou4lTeS5b5h5oJVQs="></latexit>

p1 +w1�
2
1�

2
1 = p2 +w2�

2
2�

2
2

<latexit sha1_base64="l5MsrvoqXrzf6azynvRszfO5V6k=">AAACKXicbZDLSsNAFIYnXmu8RV26CRbBVUmCohuh6EKXFewFmhgm00k7dCYJMxOlhLyOG1/FjYKibn0Rp2kUbT0w8PH/53Dm/EFCiZCW9a7NzS8sLi1XVvTVtfWNTWNruyXilCPcRDGNeSeAAlMS4aYkkuJOwjFkAcXtYHg+9tu3mAsSR9dylGCPwX5EQoKgVJJv1N0gzPQ7P7NzN8ASFnABGSvoJnPyU2U636bzYzqFqee+UbVqVlHmLNglVEFZDd94dnsxShmOJKJQiK5tJdLLIJcEUZzrbipwAtEQ9nFXYQQZFl5WXJqb+0rpmWHM1YukWai/JzLIhBixQHUyKAdi2huL/3ndVIYnXkaiJJU4QpNFYUpNGZvj2Mwe4RhJOlIAESfqryYaQA6RVOHqKgR7+uRZaDk1+6hmXR1W62dlHBWwC/bAAbDBMaiDS9AATYDAPXgEL+BVe9CetDftY9I6p5UzO+BPaZ9fP16nOw==</latexit>

w1�1�
2
1 = w2�2�

2
2

<latexit sha1_base64="jfGscBaKVAQwmDYEW5lqX+mbJbk=">AAACJ3icbZDLSsNAFIYnXmu8RV26CRbBVUlCUTdK0YUuK9gLNCFMppN26EwSZiZCCXkbN76KG0FFdOmbOE2jaOuBgY//P4cz5w8SSoS0rA9tYXFpeWW1sqavb2xubRs7u20RpxzhFoppzLsBFJiSCLckkRR3E44hCyjuBKPLid+5w1yQOLqV4wR7DA4iEhIEpZJ849wNwkx3+TD2Mzt3AyxhAVeQsYLOpp7z7Tk/npPruW9UrZpVlDkPdglVUFbTN57dfoxShiOJKBSiZ1uJ9DLIJUEU57qbCpxANIID3FMYQYaFlxV35uahUvpmGHP1ImkW6u+JDDIhxixQnQzKoZj1JuJ/Xi+V4amXkShJJY7QdFGYUlPG5iQ0s084RpKOFUDEifqriYaQQyRVtLoKwZ49eR7aTs0+rtVv6tXGRRlHBeyDA3AEbHACGuAaNEELIHAPHsELeNUetCftTXufti5o5cwe+FPa5xe3t6Z4</latexit>

⇢1�1�1 = ⇢2�2�2
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wrel. =
�

� � 1
p+ ⇢

Upsream and Downstream 
Enthalpy

<latexit sha1_base64="/t/3ogSELnzeukF8a3cshmOHJRo=">AAAB/nicbZDLSsNAFIYnXmu8RcWVm8EiuCqJFHUjFN24rGAv0IQymU7aoZOZMDNRSgj4Km5cKOLW53Dn2zhps9DWHwY+/nMO58wfJowq7brf1tLyyuraemXD3tza3tl19vbbSqQSkxYWTMhuiBRhlJOWppqRbiIJikNGOuH4pqh3HohUVPB7PUlIEKMhpxHFSBur7xz6YZTZj/3My698ORIF2Hnfqbo1dyq4CF4JVVCq2Xe+/IHAaUy4xgwp1fPcRAcZkppiRnLbTxVJEB6jIekZ5CgmKsim5+fwxDgDGAlpHtdw6v6eyFCs1CQOTWeM9EjN1wrzv1ov1dFlkFGepJpwPFsUpQxqAYss4IBKgjWbGEBYUnMrxCMkEdYmMduE4M1/eRHaZzXvvFa/q1cb12UcFXAEjsEp8MAFaIBb0AQtgEEGnsEreLOerBfr3fqYtS5Z5cwB+CPr8wdgR5Uf</latexit>w1 = ⇢1

<latexit sha1_base64="x6fB4KBaWnEpdlipuHweMDwIXCg=">AAACHHicbZBNS8MwGMdTX2d9q3r0EhyCII52DvUiDL14nOBeYC0jzdItLGlLkiqj9IN48at48aCIFw+C38Z060E3Hwj58f8/D8nz92NGpbLtb2NhcWl5ZbW0Zq5vbG5tWzu7LRklApMmjlgkOj6ShNGQNBVVjHRiQRD3GWn7o+vcb98TIWkU3qlxTDyOBiENKEZKSz3r1PWD1HzopdXs0g0Ewqk7QJyjrLjhiZPFuXvsimGUg5n1rLJdsScF58EpoAyKavSsT7cf4YSTUGGGpOw6dqy8FAlFMSOZ6SaSxAiP0IB0NYaIE+mlk+UyeKiVPgwioU+o4ET9PZEiLuWY+7qTIzWUs14u/ud1ExVceCkN40SREE8fChIGVQTzpGCfCoIVG2tAWFD9V4iHSEekdJ6mDsGZXXkeWtWKc1ap3dbK9asijhLYBwfgCDjgHNTBDWiAJsDgETyDV/BmPBkvxrvxMW1dMIqZPfCnjK8fbYKhlQ==</latexit>

w2 =
�

� � 1
p2 + ⇢2
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Momentum Flux:

Energy Flux:

Relativistic Shocks

<latexit sha1_base64="8/t9a9rtcEjuCHuuJNJ4QGA8wZc=">AAACl3ichVFda9RAFJ3Eqm3qx6p9kb4EF6EiLkkoKoJYrNg+ttBtCzvrcjN7szt0JgkzN8IS8pf8Mb75b5zspmC3BS8Mc+65556ZuZOWSlqKoj+ef2/j/oOHm1vB9qPHT572nj0/t0VlBA5FoQpzmYJFJXMckiSFl6VB0KnCi/TqsK1f/ERjZZGf0aLEsYZZLjMpgBw16f3iaVYH5aSOm7dcYUZ7PDMgaj4DraHp9ndx00nMvGgBN3I2pzc8RYI2/1EnDT9qpdfZZ9eQ/N8zufZM1jyTG56rLGgmvX40iJYR3gZxB/qsi5NJ7zefFqLSmJNQYO0 ojkoa12BICoVNwCuLJYgrmOHIwRw02nG9nGsTvnbMNMwK41ZO4ZL9t6MGbe1Cp06pgeZ2vdaSd9VGFWUfx7XMy4owF6uDskqFVITtJ4VTaVCQWjgAwkh311DMwc2Q3FcGbgjx+pNvg/NkEL8f7J/u9w++duPYZLvsFdtjMfvADtgxO2FDJrwd75N36H3zX/pf/O/+8Urqe13PC3Yj/NO/qrDMOw==</latexit>

p1 +

✓
�

� � 1
p1 + ⇢1

◆
�2
1�

2
1 = p2 +

✓
�

� � 1
p2 + ⇢2

◆
�2
2�

2
2

<latexit sha1_base64="2TSk+ywJUsC98r43TIQge50+I9Y="></latexit>✓
�

� � 1
p1 + ⇢1

◆
�1�

2
1 =

✓
�

� � 1
p2 + ⇢2

◆
�2�

2
2
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Momentum Flux:

Energy Flux:

Cold Relativistic Shocks
<latexit sha1_base64="d/4AQPvG0Zb8zbicz/m31zmnu4s=">AAACZ3icbVFdS+QwFE276mr9ml1FhH2pDoIiO7SD7O6LIPqgjwo7KkzGkmZuZ4JJW5LbhaF0f+S+7bsv/gvTmSJ+XUhycu65N8lJnEthMAj+O+6nufmFz4tL3vLK6tp668vXa5MVmkOPZzLTtzEzIEUKPRQo4TbXwFQs4Sa+P6vzN39AG5Glv3GSw0CxUSoSwRlaKmr9pXFSelSPs6gMKxoDshrcld2KnjOlnnfHeWTnQyohwX 2aaMZLOqoFVbN+D6tGMm1m67UYjfGg6dl91XO286qo1Q46wTT89yBsQJs0cRm1/tFhxgsFKXLJjOmHQY6DkmkUXELl0cJAzvg9G0HfwpQpMINy6lPl71lm6CeZtiNFf8q+rCiZMmaiYqtUDMfmba4mP8r1C0x+DUqR5gVCymcHJYX0MfNr0/2h0MBRTixgXAt7V5+PmfUQ7dd41oTw7ZPfg+tuJ/zRObo6ap+cNnYskm9kl+yTkPwkJ+SCXJIe4eTB8ZwNZ9N5dNfdLXd7JnWdpmaDvAp35wnV+bo9</latexit>

⇢1�
2
1�

2
1 = p2 +

✓
�

� � 1
p2 + ⇢2

◆
�2
2�

2
2

<latexit sha1_base64="6TFkVpKLH/HcNO1PI4sTKKVQAaY=">AAACWXicbVFda9swFJXdtcvcr7R93ItZGLSUBtuUtS+Fsj50jxksbSFKjaxcJ6KSbaTrQjD+k30olP2VPlRxzNiaXRA6nHPvkXSUFFIYDIIXx137sL7xsfPJ29za3tnt7u3fmLzUHIY8l7m+S5gBKTIYokAJd4UGphIJt8nD1UK/fQRtRJ79wnkBY8WmmUgFZ2ipuFvQJK08qmd5XIU1TQBZA66ZUg26r6L6gkpI8ZCmmvGKTh dS3e4nYV3EtuV4aRHVVIvpDI9ap+iPU9Q4eXXc7QX9oCl/FYQt6JG2BnH3iU5yXirIkEtmzCgMChxXTKPgEmqPlgYKxh/YFEYWZkyBGVdNMrX/1TITP821XRn6Dfv3RMWUMXOV2E7FcGbeawvyf9qoxPR8XImsKBEyvjwoLaWPub+I2Z8IDRzl3ALGtbB39fmM2fzQfoZnQwjfP3kV3ET98Fv/9Odp7/J7G0eHfCZfyCEJyRm5JD/IgAwJJ8/k1Vl3NpzfruN2XG/Z6jrtzAH5p9yDN6A1tXw=</latexit>

⇢1�1�
2
1 =

✓
�

� � 1
p2 + ⇢2

◆
�2�

2
2

<latexit sha1_base64="YymwRWXMZZ7fJ8kC8CyLHFBEfGA="></latexit>

⇢1�1�1(�1 � 1) =
�

� � 1
p2�2�

2
2 + ⇢2�2�2(�2 � 1)

<latexit sha1_base64="6BBPdsm4dElcg6+TF3Eznb5+jn0="></latexit>

⇢1�
2
1�

2
1 � ⇢2�

2
2�

2
2 = p2


1+

✓
�

� � 1

◆
�2
2�

2
2

�
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<latexit sha1_base64="8EQCAmjMF4ZtlTNQU2yd3s4isic="></latexit>

p2

�2
1�

2
1⇢1


1+ �2

2�
2
2

✓
�

� � 1

◆�
=

✓
1� �2�2

�1�1

◆

<latexit sha1_base64="snBmR9eAEXrXjiVvF54dvz+Y0BY="></latexit>✓
�

� � 1

◆
�2
2p2�2

�2
1⇢1�1

=

✓
1� (�2 � 1)

(�1 � 1)

◆

Momentum Flux:

Energy Flux:

Relativistic Shocks
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<latexit sha1_base64="c6EhdYod2hBQaIaBl0B59j1nGeM=">AAACu3icdVFbS8MwFE7rvd6mPvpSHIIgG40o+iKIPujjBHeBdRtplm7RpC1JKozQP+mb/8b0gk7nDoR8+c53zkm+BAmjUnnep2WvrK6tb2xuOds7u3v7tYPDjoxTgUkbxywWvQBJwmhE2ooqRnqJIIgHjHSDt4c8330nQtI4elGzhAw4mkQ0pBgpQ41qH34QascPBcIaNsrdf0Sco5G+yPyAqAJk3yQ0sGRhZkLD8x/5cL6kOJ T9Jrkgq/aGqbtdNrAB5yflUr2k/bLWTjaq1b2mV4S7CGAF6qCKVm7COMYpJ5HCDEnZh16iBhoJRTEjmeOnkiQIv6EJ6RsYIU7kQBfeZ+6pYcZuGAuzIuUW7HyFRlzKGQ+MkiM1lX9zOflfrp+q8GagaZSkikS4HBSmzFWxm3+kO6aCYMVmBiAsqLmri6fImKLMdzvGBPj3yYugc9GEV03v+bJ+d1/ZsQmOwQk4AxBcgzvwBFqgDbB1Yw2tiTW1b21sv9qslNpWVXMEfoWdfgGLAtwW</latexit>

1� �2�2

�1�1

1+ �2
2�

2
2

�
��1

=
1� �2�1

�1�1

�2
2�2

�
��1

<latexit sha1_base64="Ktrc3unNArGtbJYg/xbTSsrGC/s="></latexit>

1+ �2
2�

2
2

✓
�

� � 1

◆
= �2

2�2

✓
�

� � 1

◆

<latexit sha1_base64="OYZQi5SVi/mX064WWKJwc3eusHI=">AAACFXicbVDLSsNAFJ3UV42vqEs3wSK0oCUpim6EohuXFewDmlJuppN26EwSZiZCCf0JN/6KGxeKuBXc+TdO2yxq64ELZ865l7n3+DGjUjnOj5FbWV1b38hvmlvbO7t71v5BQ0aJwKSOIxaJlg+SMBqSuqKKkVYsCHCfkaY/vJ34zUciJI3CBzWKSYdDP6QBxaC01LVOPT9IzaLnEwXdtDI+c0tzj6LXB85Bi6Vrxxx3rYJTdq awl4mbkQLKUOta314vwgknocIMpGy7Tqw6KQhFMSNj00skiQEPoU/amobAieyk06vG9olWenYQCV2hsqfq/EQKXMoR93UnBzWQi95E/M9rJyq46qQ0jBNFQjz7KEiYrSJ7EpHdo4JgxUaaABZU72rjAQjASgdp6hDcxZOXSaNSdi/Kzv15oXqTxZFHR+gYFZGLLlEV3aEaqiOMntALekPvxrPxanwYn7PWnJHNHKI/ML5+AR88nEE=</latexit>

(�2 � 1)(�2 � (� � 1)) = 0

Relativistic Shocks

Eg:
<latexit sha1_base64="wZ4BlEQWo5I847NiNgNjgy6JfUw=">AAACAnicbVDLSsNAFJ3UV42vqCtxM1gEVyXRom6EohuXFewDmlAm00k7dGYSZiZCCcGNv+LGhSJu/Qp3/o3TNgttPXDhcM693HtPmDCqtOt+W6Wl5ZXVtfK6vbG5tb3j7O61VJxKTJo4ZrHshEgRRgVpaqoZ6SSSIB4y0g5HNxO//UCkorG41+OEBBwNBI0oRtpIPefAD6PM9geIc3TlRxLhrJZnZ7md95yKW3WngIvEK0gFFG j0nC+/H+OUE6ExQ0p1PTfRQYakppiR3PZTRRKER2hAuoYKxIkKsukLOTw2Sh9GsTQlNJyqvycyxJUa89B0cqSHat6biP953VRHl0FGRZJqIvBsUZQyqGM4yQP2qSRYs7EhCEtqboV4iEwO2qRmmxC8+ZcXSeu06p1Xa3e1Sv26iKMMDsEROAEeuAB1cAsaoAkweATP4BW8WU/Wi/VufcxaS1Yxsw/+wPr8AV8Ylsk=</latexit>

� =
4

3

<latexit sha1_base64="voIZnYmR4p1Bnk950hK5X7dkHtk=">AAACF3icbZDNSsNAFIUn9a/Gv6hLN8EiuApJLepGKLpxWcHWQhPCZDpph04mYWYilDBv4cZXceNCEbe6822cthG09cLAxzn3cueeKKNESNf9MipLyyura9V1c2Nza3vH2t3riDTnCLdRSlPejaDAlDDclkRS3M04hklE8V00upr4d/eYC5KyWznOcJDAASMxQVBqKbQcP4oL0485RIUfYQnDoq7UD3pKXcw8TxUnylShVXMdd1r2Ingl1EBZrdD69PspyhPMJKJQiJ7nZjIoIJcEUaxMPxc4g2gEB7inkcEEi6CY3qXsI6307Tjl+jFpT9XfEwVMhBgnke5MoByKeW8i/uf1chmfBwVhWS4xQ7NFcU5tmdqTkOw+4RhJOtYAESf6rzYaQp2D1FGaOgRv/uRF6NQd79Rp3DRqzcsyjio4AIfgGHjgDDTBNWiBNkDgATyBF/BqPBrPxpvxPmutGOXMPvhTxsc3fQOgIg==</latexit>

�2

�1
=

1

3
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β 1
/β

2

β1Γ1

γ=5/3
γ=4/3

approx. for γ=5/3
approx. for γ=4/3

Shock Compression Ratio vs 
Upstream Velocity
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Dowstream Partition of the Upstream 
Ram Pressure

upstreamdownstream
<latexit sha1_base64="rEVX4VdM8S2rCyja6FK6SZWBcCw=">AAACAHicbZDLSsNAFIYnXmu8RV24cDNYhApSElF0WXTjsoK9QBPCZDpph05mwsxEKCEbX8WNC0Xc+hjufBsnbRfa+sPAx3/O4cz5o5RRpV3321paXlldW69s2Jtb2zu7zt5+W4lMYtLCggnZjZAijHLS0lQz0k0lQUnESCca3Zb1ziORigr+oMcpCRI04DSmGGljhc6hH8W5XUvD3CvOfDkUJZzaRehU3bo7EVwEbwZVMFMzdL78vsBZQrjGDCnV89xUBzmSmmJGCtvPFEkRHqEB6RnkKCEqyCcHFPDEOH0YC2ke13Di/p7IUaLUOIlMZ4L0UM3XSvO/Wi/T8XWQU55mmnA8XRRnDGoByzRgn0qCNRsbQFhS81eIh0girE1mtgnBmz95Edrnde+y7t5fVBs3szgq4AgcgxrwwBVogDvQBC2AQQGewSt4s56sF+vd+pi2LlmzmQPwR9bnDwoAlWc=</latexit>

(p1, ⇢1)
<latexit sha1_base64="0r7nip1zAvYRVaP383yBKWTSw7w=">AAACAHicbZDLSsNAFIYn9VbjLerChZtgESpISYqiy6IblxXsBZoQJtNJO3QyE2YmQgnZ+CpuXCji1sdw59s4abPQ1h8GPv5zDmfOHyaUSOU430ZlZXVtfaO6aW5t7+zuWfsHXclTgXAHccpFP4QSU8JwRxFFcT8RGMYhxb1wclvUe49YSMLZg5om2I/hiJGIIKi0FVhHXhhlZj0JsmZ+7okxL+DMzAOr5jScmexlcEuogVLtwPryhhylMWYKUSjlwHUS5WdQKIIozk0vlTiBaAJHeKCRwRhLP5sdkNun2hnaERf6MWXP3N8TGYylnMah7oyhGsvFWmH+VxukKrr2M8KSVGGG5ouilNqK20Ua9pAIjBSdaoBIEP1XG42hgEjpzEwdgrt48jJ0mw33suHcX9RaN2UcVXAMTkAduOAKtMAdaIMOQCAHz+AVvBlPxovxbnzMWytGOXMI/sj4/AENGZVp</latexit>

(p2, ⇢2)

�1�2

<latexit sha1_base64="FMnApuPQFxP660hurCWqZ6omOw8=">AAACBXicbZC7TsMwFIYdriXcAowwWFRITFVSgWCsYGEsEr1ITagc12mtOnZkO0hVlIWFV2FhACFW3oGNt8FpM0DLL1n69J9zdHz+MGFUadf9tpaWV1bX1isb9ubW9s6us7ffViKVmLSwYEJ2Q6QIo5y0NNWMdBNJUBwy0gnH10W980CkooLf6UlCghgNOY0oRtpYfefID6PM9uVI9DMv90OiUQH3WT23875TdWvuVHARvBKqoFSz73z5A4HTmHCNGVKq57mJDjIkNcWM5LafKpIgPEZD0jPIUUxUkE2vyOGJcQYwEtI8ruHU/T2RoVipSRyazhjpkZqvFeZ/tV6qo8sgozxJNeF4tihKGdQCFpHAAZUEazYxgLCk5q8Qj5BEWJvgbBOCN3/yIrTrNe+85t6eVRtXZRwVcAiOwSnwwAVogBvQBC2AwSN4Bq/gzXqyXqx362PWumSVMwfgj6zPH+E4mCw=</latexit>

⇢1�
2
1

p2 =
3

4
⇢1�

2
1

<latexit sha1_base64="KO8MQVM5SHgvxxcjEyGxHgiyPpM=">AAACJnicbVDLSsNAFJ3UV42vqEs3wSK4Kkmp6KZQdOOygn1AE8NkOmmHTiZhZiKUkK9x46+4cVERceenOEkjaOuBC4dzzmXmHj+mREjL+tQqa+sbm1vVbX1nd2//wDg86oko4Qh3UUQjPvChwJQw3JVEUjyIOYahT3Hfn97kfv8Rc0Eidi9nMXZDOGYkIAhKJXlGy/GDVHf4JPLSRub4WMKcPKhpOQGHKLWztJktAvZPwC4Ceu YZNatuFTBXiV2SGijR8Yy5M4pQEmImEYVCDG0rlm4KuSSI4kx3EoFjiKZwjIeKMhhi4abFmZl5ppSRGURcDZNmof7eSGEoxCz0VTKEciKWvVz8zxsmMrhyU8LiRGKGFg8FCTVlZOadmSPCMZJ0pghEnKi/mmgCVTlSNaurEuzlk1dJr1G3L+rWXbPWvi7rqIITcArOgQ0uQRvcgg7oAgSewAuYgzftWXvV3rWPRbSilTvH4A+0r28xbqY3</latexit>

⇢2�
2
2 =

1

4
⇢1�

2
1

[viewed in shock restframe]



Andrew Taylor 32

Rel. Shock- Dowstream Partition of the 
Upstream Ram Pressure

upstreamdownstream
<latexit sha1_base64="rEVX4VdM8S2rCyja6FK6SZWBcCw=">AAACAHicbZDLSsNAFIYnXmu8RV24cDNYhApSElF0WXTjsoK9QBPCZDpph05mwsxEKCEbX8WNC0Xc+hjufBsnbRfa+sPAx3/O4cz5o5RRpV3321paXlldW69s2Jtb2zu7zt5+W4lMYtLCggnZjZAijHLS0lQz0k0lQUnESCca3Zb1ziORigr+oMcpCRI04DSmGGljhc6hH8W5XUvD3CvOfDkUJZzaRehU3bo7EVwEbwZVMFMzdL78vsBZQrjGDCnV89xUBzmSmmJGCtvPFEkRHqEB6RnkKCEqyCcHFPDEOH0YC2ke13Di/p7IUaLUOIlMZ4L0UM3XSvO/Wi/T8XWQU55mmnA8XRRnDGoByzRgn0qCNRsbQFhS81eIh0girE1mtgnBmz95Edrnde+y7t5fVBs3szgq4AgcgxrwwBVogDvQBC2AQQGewSt4s56sF+vd+pi2LlmzmQPwR9bnDwoAlWc=</latexit>

(p1, ⇢1)
<latexit sha1_base64="0r7nip1zAvYRVaP383yBKWTSw7w=">AAACAHicbZDLSsNAFIYn9VbjLerChZtgESpISYqiy6IblxXsBZoQJtNJO3QyE2YmQgnZ+CpuXCji1sdw59s4abPQ1h8GPv5zDmfOHyaUSOU430ZlZXVtfaO6aW5t7+zuWfsHXclTgXAHccpFP4QSU8JwRxFFcT8RGMYhxb1wclvUe49YSMLZg5om2I/hiJGIIKi0FVhHXhhlZj0JsmZ+7okxL+DMzAOr5jScmexlcEuogVLtwPryhhylMWYKUSjlwHUS5WdQKIIozk0vlTiBaAJHeKCRwRhLP5sdkNun2hnaERf6MWXP3N8TGYylnMah7oyhGsvFWmH+VxukKrr2M8KSVGGG5ouilNqK20Ua9pAIjBSdaoBIEP1XG42hgEjpzEwdgrt48jJ0mw33suHcX9RaN2UcVXAMTkAduOAKtMAdaIMOQCAHz+AVvBlPxovxbnzMWytGOXMI/sj4/AENGZVp</latexit>

(p2, ⇢2)

<latexit sha1_base64="j10bxsait2dQ/6Hk6WMPoncwffo=">AAACA3icbZDLSsNAFIYnXmu8Rd3pZrAIrkpSFF0WXeiygr1AE8JkOmmHzkzCzEQooeDGV3HjQhG3voQ738ZpmoW2/jDw8Z9zOHP+KGVUadf9tpaWV1bX1isb9ubW9s6us7ffVkkmMWnhhCWyGyFFGBWkpalmpJtKgnjESCcaXU/rnQciFU3EvR6nJOBoIGhMMdLGCp1DP4pz24+IRmFen/g3iPOC7EnoVN2aWwgugldCFZRqhs6X309wxonQmCGlep6b6iBHUlPMyMT2M0VShEdoQHoGBeJEBXlxwwSeGKcP40SaJzQs3N8TOeJKjXlkOjnSQzVfm5r/1XqZji+DnIo000Tg2aI4Y1AncBoI7FNJsGZjAwhLav4K8RBJhLWJzTYhePMnL0K7XvPOa+7dWbVxVcZRAUfgGJwCD1yABrgFTdACGDyCZ/AK3qwn68V6tz5mrUtWOXMA/sj6/AEavpcs</latexit>

�2�2

<latexit sha1_base64="wN7DDz0M8HTV2Cgds/TFP1uCT5Q=">AAACA3icbZDLSsNAFIYn9VbjLepON4NFcFUSUXRZdKHLCvYCTSiT6aQdOjMJMxOhhIAbX8WNC0Xc+hLufBunaRba+sPAx3/O4cz5w4RRpV3326osLa+srlXX7Y3Nre0dZ3evreJUYtLCMYtlN0SKMCpIS1PNSDeRBPGQkU44vp7WOw9EKhqLez1JSMDRUNCIYqSN1XcO/DDKbD8kGvUzL/dvEOcF2Xnfqbl1txBcBK+EGijV7Dtf/iDGKSdCY4aU6nluooMMSU0xI7ntp4okCI/RkPQMCsSJCrLihhweG2cAo1iaJzQs3N8TGeJKTXhoOjnSIzVfm5r/1Xqpji6DjIok1UTg2aIoZVDHcBoIHFBJsGYTAwhLav4K8QhJhLWJzTYhePMnL0L7tO6d1927s1rjqoyjCg7BETgBHrgADXALmqAFMHgEz+AVvFlP1ov1bn3MWitWObMP/sj6/AEXppcq</latexit>

�1�1

<latexit sha1_base64="4jQepUcGhJ2jrlW4QOfyPpAfSl8=">AAACE3icbZBNS8MwGMdTX2d9q3r0EhyCeBjtUPQ49KDHCe4F1lrSLN3CkrYkqTBKv4MXv4oXD4p49eLNb2O6FdHNPwR++T/PQ/L8g4RRqWz7y1hYXFpeWa2smesbm1vb1s5uW8apwKSFYxaLboAkYTQiLUUVI91EEMQDRjrB6LKod+6JkDSObtU4IR5Hg4iGFCOlLd86doMwM10xjP3Myd2AKFTAXVbP3SvE+c/NzH2ratfsieA8OCVUQammb326/RinnEQKMyRlz7ET5WVIKIoZyU03lSRBeIQGpKcxQpxIL5vslMND7fRhGAt9IgUn7u+JDHEpxzzQnRypoZytFeZ/tV6qwnMvo1GSKhLh6UNhyqCKYREQ7FNBsGJjDQgLqv8K8RAJhJWO0dQhOLMrz0O7XnNOa/bNSbVxUcZRAfvgABwBB5yBBrgGTdACGDyAJ/ACXo1H49l4M96nrQtGObMH/sj4+AauH54H</latexit>

⇢1�
2
1�

2
1

<latexit sha1_base64="NeAHO4Il7xbLXQUnRZdqPeIVcBM=">AAACJHicbZBNS8MwGMdTX2d9q3r0UhyCp9FORUGEoQc9TnAvsM6SZukWlrQlSYUR+mG8+FW8ePAFD178LKZbEd38Q+CX//M8JM8/SCgR0nE+jbn5hcWl5dKKubq2vrFpbW03RZxyhBsopjFvB1BgSiLckERS3E44hiyguBUML/N66x5zQeLoVo4S3GWwH5GQICi15VtnXhAqM/FVNTv3Qg6RBnWYeXwQ+8rNvABLmMOd9r0ryNjPzcx8q+xUnLHsWXALKINCdd9683oxShmOJKJQiI7rJLKrIJcEUZyZXipwAtEQ9nFHYwQZFl01XjKz97XTs8OY6xNJe+z+nlCQCTFige5kUA7EdC03/6t1UhmedhWJklTiCE0eClNqy9jOE7N7hGMk6UgDRJzov9poAHVUUudq6hDc6ZVnoVmtuMcV5+aoXLso4iiBXbAHDoALTkANXIM6aAAEHsATeAGvxqPxbLwbH5PWOaOY2QF/ZHx9A0owpTQ=</latexit>

p2 =
2

3
⇢1�

2
1�

2
1

 1

 2

 3

 4

 5

 6

 7

 8

 0.01  0.1  1  10  100  1000

β 1
/β

2

β1Γ1

γ=5/3
γ=4/3

approx. for γ=5/3
approx. for γ=4/3

[viewed in shock restframe]

<latexit sha1_base64="OehLeNvtGQ9RR78GMcxXVLEY7eY="></latexit>

w2�
2
2�

2
2 =

1

3
⇢1�

2
1�

2
1
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Rel. Shock- Dowstream Partition of the 
Upstream Ram Pressure

<latexit sha1_base64="4jQepUcGhJ2jrlW4QOfyPpAfSl8=">AAACE3icbZBNS8MwGMdTX2d9q3r0EhyCeBjtUPQ49KDHCe4F1lrSLN3CkrYkqTBKv4MXv4oXD4p49eLNb2O6FdHNPwR++T/PQ/L8g4RRqWz7y1hYXFpeWa2smesbm1vb1s5uW8apwKSFYxaLboAkYTQiLUUVI91EEMQDRjrB6LKod+6JkDSObtU4IR5Hg4iGFCOlLd86doMwM10xjP3Myd2AKFTAXVbP3SvE+c/NzH2ratfsieA8OCVUQammb326/RinnEQKMyRlz7ET5WVIKIoZyU03lSRBeIQGpKcxQpxIL5vslMND7fRhGAt9IgUn7u+JDHEpxzzQnRypoZytFeZ/tV6qwnMvo1GSKhLh6UNhyqCKYREQ7FNBsGJjDQgLqv8K8RAJhJWO0dQhOLMrz0O7XnNOa/bNSbVxUcZRAfvgABwBB5yBBrgGTdACGDyAJ/ACXo1H49l4M96nrQtGObMH/sj4+AauH54H</latexit>

⇢1�
2
1�

2
1

<latexit sha1_base64="dkCVubCgYwM7TqFkseghSjjUHjA=">AAAB+nicbVBNS8NAEN34WeNXqkcvi0XwVJKi6LHoxWMF+wFtLJvtpl262YTdiVJifooXD4p49Zd489+4bXPQ1gcDj/dmmJkXJIJrcN1va2V1bX1js7Rlb+/s7u075YOWjlNFWZPGIladgGgmuGRN4CBYJ1GMRIFg7WB8PfXbD0xpHss7mCTMj8hQ8pBTAkbqO+VeEGZ2cp/BKO9ntdzO+07Frboz4GXiFaSCCjT6zldvENM0YhKoIFp3PTcBPyMKOBUst3upZgmhYzJkXUMliZj2s9npOT4xygCHsTIlAc/U3xMZibSeRIHpjAiM9KI3Ff/zuimEl37GZZICk3S+KEwFhhhPc8ADrhgFMTGEUMXNrZiOiCIUTFq2CcFbfHmZtGpV77zq3p5V6ldFHCV0hI7RKfLQBaqjG9RATUTRI3pGr+jNerJerHfrY966YhUzh+gPrM8fzs2TtA==</latexit>

pth
2

<latexit sha1_base64="G3AXVzOpWdWG2+BZrNL6Uj5yXGE=">AAAB+3icbVBNS8NAEJ3Urxq/Yj16WSyCp5IURY9FLx4r2A9oY9lsN+3S3STsbsQS8le8eFDEq3/Em//GbZuDtj4YeLw3w8y8IOFMadf9tkpr6xubW+Vte2d3b//AOay0VZxKQlsk5rHsBlhRziLa0kxz2k0kxSLgtBNMbmZ+55FKxeLoXk8T6gs8iljICNZGGjiVfhBmdvKQSSzyQVbP7XzgVN2aOwdaJV5BqlCgOXC++sOYpIJGmnCsVM9zE+1nWGpGOM3tfqpogskEj2jP0AgLqvxsfnuOTo0yRGEsTUUazdXfExkWSk1FYDoF1mO17M3E/7xeqsMrP2NRkmoakcWiMOVIx2gWBBoySYnmU0MwkczcisgYS0y0ics2IXjLL6+Sdr3mXdTcu/Nq47qIowzHcAJn4MElNOAWmtACAk/wDK/wZuXWi/VufSxaS1YxcwR/YH3+AJIOlCI=</latexit>

pram
2

<latexit sha1_base64="f361GcYB9ddqlnBrMCefz52hOGI=">AAAB9HicbVBNS8NAEJ3Urxq/oh69LBbBU0lE0WOxF49V7Ae0oWy2m3bpZhN3N4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IOFMadf9tkpr6xubW+Vte2d3b//AOTxqqTiVhDZJzGPZCbCinAna1Exz2kkkxVHAaTsY12d+e0KlYrF41NOE+hEeChYygrWR/F4QZnbSz+oPuZ33nYpbdedAq8QrSAUKNPrOV28QkzSiQhOOlep6bqL9DEvNCKe53UsVTTAZ4yHtGipwRJWfzY/O0ZlRBiiMpSmh0Vz9PZHhSKlpFJjOCOuRWvZm4n9eN9XhjZ8xkaSaCrJYFKYc6RjNEkADJinRfGoIJpKZWxEZYYmJNjnZJgRv+eVV0rqoeldV9/6yUrst4ijDCZzCOXhwDTW4gwY0gcATPMMrvFkT68V6tz4WrSWrmDmGP7A+fwDtY5GM</latexit>pCR

<latexit sha1_base64="nUdbYfxEJhh9B8IuCfe8ZGieakw=">AAAB83icbVBNS8NAEJ3Urxq/qh69LBbBU0lE0WOpF48V7Ac0oWy2m3bpZrPsboQS8je8eFDEq3/Gm//GbZuDVh8MPN6bYWZeJDnTxvO+nMra+sbmVnXb3dnd2z+oHR51dZopQjsk5anqR1hTzgTtGGY47UtFcRJx2oumt3O/90iVZql4MDNJwwSPBYsZwcZKQRDFuSuHeatwi2Gt7jW8BdBf4pekDiXaw9pnMEpJllBhCMdaD3xPmjDHyjDCaeEGmaYSkyke04GlAidUh/ni5gKdWWWE4lTZEgYt1J8TOU60niWR7UywmehVby7+5w0yE9+EORMyM1SQ5aI448ikaB4AGjFFieEzSzBRzN6KyAQrTIyNybUh+Ksv/yXdi4Z/1fDuL+vNVhlHFU7gFM7Bh2towh20oQMEJDzBC7w6mfPsvDnvy9aKU84cwy84H99GbpEv</latexit>pB

<latexit sha1_base64="5DG+pU3+nRwFbiq83wzbA5hkUEk=">AAACK3icbZDLShxBFIarNd7aS0ZduikyCK6GblHiRhCziMsJZFSYHofTNaedwro0VdXCUPT7uPFVsogLL7jNe6TmQkg0PxR89Z9zqDp/XgpuXZI8R3PzHxYWl5ZX4tW19Y2Pjc2tc6srw7DDtNDmMgeLgivsOO4EXpYGQeYCL/KbL+P6xS0ay7X67kYl9iRcK15wBi5Y/cZplhc+zm7BYGm50Ioe06wwwHxZ+8wMdd+ndZajgz Fc+f06+wpS/rnVcd1vNJNWMhF9D+kMmmSmdr/xMxtoVklUjgmwtpsmpet5MI4zgXWcVRZLYDdwjd2ACiTanp/sWtPd4AxooU04ytGJ+/eEB2ntSOahU4Ib2re1sfm/WrdyxVHPc1VWDhWbPlRUgjpNx8HRATfInBgFAGZ4+CtlQwhJuRBvHEJI3678Hs73W+lhK/l20Dw5ncWxTHbIJ7JHUvKZnJAz0iYdwsgd+UEeyVN0Hz1EL9HrtHUums1sk38U/foNceaoaw==</latexit>

" =
p

⇢1�2
1�

2
1
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Why are GRBs Interesting?

IMPORTANT QUESTION! WILL RETURN TO THIS QUESTION IN A WHILE



What Are GRBs?

Andrew Taylor 35

(upstream)(downstream) �

R

�

�

�

�
• Not actually isotropic outflows, but can be considered 

as “quasi-isotropic” since θjet>1/Γ

• Eiso~1054 erg is close to Gravitational binding energy 
limit

• Extremely efficient emitters in terms of converting 
kinetic energy flux to radiation

<latexit sha1_base64="Jyeoy9lmIDbiZJLmACH+bydV8c0=">AAACAHicbVDLSsNAFJ34rPEVdeHCzWARKkhJRNFl0Y3LCvYBTQiT6aQdOpkJMxOhhGz8FTcuFHHrZ7jzb5y0XWjrgXs5nHMvM/dEKaNKu+63tbS8srq2XtmwN7e2d3advf22EpnEpIUFE7IbIUUY5aSlqWakm0qCkoiRTjS6Lf3OI5GKCv6gxykJEjTgNKYYaSOFzqEfxbld8+VQhLlXnKVlP7WL0Km6dXcCuEi8GamCGZqh8+X3Bc4SwjVmSKme56Y6yJHUFDNS2H6mSIrwCA1Iz1COEqKCfHJAAU+M0oexkKa4hhP190aOEqXGSWQmE6SHat4rxf+8Xqbj6yCnPM004Xj6UJwxqAUs04B9KgnWbGwIwpKav0I8RBJhbTKzTQje/MmLpH1e9y7r7v1FtXEzi6MCjsAxqAEPXIEGuANN0AIYFOAZvII368l6sd6tj+nokjXbOQB/YH3+AArSlWc=</latexit>

(⇢1,p1)
<latexit sha1_base64="msU0KLI6VtznNbo/BNDKYuhWdxI=">AAACAHicbVDLSsNAFJ3UV42vqAsXboJFqCAlKYoui25cVrAPaEKYTCft0MlMmJkIJWTjr7hxoYhbP8Odf+OkzUJbD9zL4Zx7mbknTCiRynG+jcrK6tr6RnXT3Nre2d2z9g+6kqcC4Q7ilIt+CCWmhOGOIorifiIwjEOKe+HktvB7j1hIwtmDmibYj+GIkYggqLQUWEdeGGVm3RNjHmTN/Dwp+pmZB1bNaTgz2MvELUkNlGgH1pc35CiNMVOIQikHrpMoP4NCEURxbnqpxAlEEzjCA00ZjLH0s9kBuX2qlaEdcaGLKXum/t7IYCzlNA71ZAzVWC56hfifN0hVdO1nhCWpwgzNH4pSaituF2nYQyIwUnSqCUSC6L/aaAwFREpnZuoQ3MWTl0m32XAvG879Ra11U8ZRBcfgBNSBC65AC9yBNugABHLwDF7Bm/FkvBjvxsd8tGKUO4fgD4zPHw3olWk=</latexit>

(⇢2,p2)

<latexit sha1_base64="iCFFqEja5z9Ef/U2LS0CFhk193Q=">AAAB83icbVDLSsNAFL2prxpfVZduBovgqiSi6LLoxmUF+4AmlMl00g6dTMI8hBLyG25cKOLWn3Hn3zhts9DWAxcO59zLvfdEGWdKe963U1lb39jcqm67O7t7+we1w6OOSo0ktE1SnspehBXlTNC2ZprTXiYpTiJOu9HkbuZ3n6hULBWPeprRMMEjwWJGsLZSEERx7opB7hduMajVvYY3B1olfknqUKI1qH0Fw5SYhApNOFaq73uZDnMsNSOcFm5gFM0wmeAR7VsqcEJVmM9vLtCZVYYoTqUtodFc/T2R40SpaRLZzgTrsVr2ZuJ/Xt/o+CbMmciMpoIsFsWGI52iWQBoyCQlmk8twUQyeysiYywx0TYm14bgL7+8SjoXDf+q4T1c1pu3ZRxVOIFTOAcfrqEJ99CCNhDI4Ble4c0xzovz7nwsWitOOXMMf+B8/gApY5Ec</latexit>n1

[viewed in upstream restframe]
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Relativistic Shocks

"B = 0.1

For

n1 = 1 cm�3

Downstream magnetic field partition of upstream ram pressure:

<latexit sha1_base64="VSNY4YDcRkd3h/s3dBXzaywtRDQ="></latexit>

"B =
UB

⇢1�2
1�

2
1

<latexit sha1_base64="RK2Cyu/hJYT48PUFHCrpAl+DKeQ=">AAACBnicbZDLSsNAFIYnXmu8RV2KMFgEVyURRTdC0YUuK9gLNKFMppN26MwkzEyEErJy46u4caGIW5/BnW/jNM1CW38Y+PjPOZw5f5gwqrTrflsLi0vLK6uVNXt9Y3Nr29nZbak4lZg0ccxi2QmRIowK0tRUM9JJJEE8ZKQdjq4n9fYDkYrG4l6PExJwNBA0ohhpY/WcAz+MMtsPiUa9zMv9G8R5QZeea+c9p+rW3EJwHrwSqqBUo+d8+f0Yp5wIjRlSquu5iQ4yJDXFjOS2nyqSIDxCA9I1KBAnKsiKM3J4ZJw+jGJpntCwcH9PZIgrNeah6eRID9VsbWL+V+umOroIMiqSVBOBp4uilEEdw0kmsE8lwZqNDSAsqfkrxEMkEdYmOduE4M2ePA+tk5p3VnPvTqv1qzKOCtgHh+AYeOAc1MEtaIAmwOARPINX8GY9WS/Wu/UxbV2wypk98EfW5w+TiZfm</latexit>

�1�1 = 10
<latexit sha1_base64="//clzgcsxBxI2ibCk+urtvhXgQw=">AAAB/3icbVDLSsNAFJ3UV42vqODGzWARXJVEfC1LXeiygn1AE8pkOmmHTibDzEQssYK/4saFIm79DXf+jdM2C209cOFwzr3ce08oGFXadb+twsLi0vJKcdVeW9/Y3HK2dxoqSSUmdZywRLZCpAijnNQ11Yy0hCQoDhlphoPLsd+8I1LRhN/qoSBBjHqcRhQjbaSOs+eHUWZXfSSETO6hWz57hFf2qOOU3LI7AZwnXk5KIEet43z53QSnMeEaM6RU23OFDjIkNcWMjGw/VUQgPEA90jaUo5ioIJvcP4KHRunCKJGmuIYT9fdEhmKlhnFoOmOk+2rWG4v/ee1URxdBRrlINeF4uihKGdQJHIcBu1QSrNnQEIQlNbdC3EcSYW0is00I3uzL86RxXPZOy+7NSalSzeMogn1wAI6AB85BBVyDGqgDDB7AM3gFb9aT9WK9Wx/T1oKVz+yCP7A+fwCflZSM</latexit>

B ⇡ 0.6 G

n1 = 1 cm�3
<latexit sha1_base64="RK2Cyu/hJYT48PUFHCrpAl+DKeQ=">AAACBnicbZDLSsNAFIYnXmu8RV2KMFgEVyURRTdC0YUuK9gLNKFMppN26MwkzEyEErJy46u4caGIW5/BnW/jNM1CW38Y+PjPOZw5f5gwqrTrflsLi0vLK6uVNXt9Y3Nr29nZbak4lZg0ccxi2QmRIowK0tRUM9JJJEE8ZKQdjq4n9fYDkYrG4l6PExJwNBA0ohhpY/WcAz+MMtsPiUa9zMv9G8R5QZeea+c9p+rW3EJwHrwSqqBUo+d8+f0Yp5wIjRlSquu5iQ4yJDXFjOS2nyqSIDxCA9I1KBAnKsiKM3J4ZJw+jGJpntCwcH9PZIgrNeah6eRID9VsbWL+V+umOroIMiqSVBOBp4uilEEdw0kmsE8lwZqNDSAsqfkrxEMkEdYmOduE4M2ePA+tk5p3VnPvTqv1qzKOCtgHh+AYeOAc1MEtaIAmwOARPINX8GY9WS/Wu/UxbV2wypk98EfW5w+TiZfm</latexit>

�1�1 = 10
<latexit sha1_base64="exG6vasKeFb+7vcVUrPQg0SCvE4=">AAACB3icbVDLSsNAFL3xWeMr6lKQYBHcWBKx6EYodeOygn1AE8tkOmmHTiZhZlIoITs3/oobF4q49Rfc+TdOHwttPXDhcM693HtPkDAqleN8G0vLK6tr64UNc3Nre2fX2ttvyDgVmNRxzGLRCpAkjHJSV1Qx0koEQVHASDMY3Iz95pAISWN+r0YJ8SPU4zSkGCktdawjLwgz0xsiQRJJmZayan7tOg/ZWTk3845VdErOBPYicWekCDPUOtaX141xGhGuMENStl0nUX6GhKKYkdz0UkkShAeoR9qachQR6WeTP3L7RCtdO4yFLq7sifp7IkORlKMo0J0RUn05743F/7x2qsIrP6M8SRXheLooTJmtYnscit2lgmDFRpogLKi+1cZ9JBBWOjpTh+DOv7xIGuclt1xy7i6KleosjgIcwjGcgguXUIFbqEEdMDzCM7zCm/FkvBjvxse0dcmYzRzAHxifP8hymJk=</latexit>

"B = 10�5

<latexit sha1_base64="pcZ4EayfHSTL+W0SI6N645RjQrw=">AAAB/nicbVDLSgMxFM34rONrVFy5CRbBVZkRX8tSF7qsYB/QKSWTZtrQZBKSjFiGir/ixoUibv0Od/6NaTsLbT1w4XDOvdx7TyQZ1cb3v52FxaXlldXCmru+sbm17e3s1rVIFSY1LJhQzQhpwmhCaoYaRppSEcQjRhrR4GrsN+6J0lQkd2YoSZujXkJjipGxUsfbD6M4cyshklKJB3j+CPm1O+p4Rb/kTwDnSZCTIshR7XhfYVfglJPEYIa0bgW+NO0MKUMxIyM3TDWRCA9Qj7QsTRAnup1Nzh/BI6t0YSyUrcTAifp7IkNc6yGPbCdHpq9nvbH4n9dKTXzZzmgiU0MSPF0UpwwaAcdZwC5VBBs2tARhRe2tEPeRQtjYxFwbQjD78jypn5SCs5J/e1osV/I4CuAAHIJjEIALUAY3oApqAIMMPINX8OY8OS/Ou/MxbV1w8pk98AfO5w+L3JSR</latexit>

B ⇡ 6 mG
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• Isotropisation is caused by magnetic
turbulence, its rate is described by
the scattering time, which in Larmor
time units is η

• Scattering agent velocity β dictates 
energy gain each crossing cycle

Particle Acceleration and Magnetic Turbulence

<latexit sha1_base64="08zV5a0juvIsDjPpKlvWEaHxpOg=">AAACD3icbVC7SgNBFJ31GdfXqqXNYFCswq4o2ghBG8so5gHZsMxOZpMhsw9m7gph2D+w8VdsLBSxtbXzb5w8Ck08cOFwzr3ce0+YCa7Adb+thcWl5ZXV0pq9vrG5te3s7DZUmkvK6jQVqWyFRDHBE1YHDoK1MslIHArWDAfXI7/5wKTiaXIPw4x1YtJLeMQpASMFzpEfRtqGQCujFJc+A4L9SBKq7wItiCwKTQu7CJyyW3HHwPPEm5IymqIWOF9+N6V5zBKggijV9twMOppI4FSwwvZzxTJCB6TH2oYmJGaqo8f/FPjQKF0cpdJUAnis/p7QJFZqGIemMybQV7PeSPzPa+cQXXQ0T7IcWEIni6JcYEjxKBzc5ZJREENDCJXc3Ippn5g0wERomxC82ZfnSeOk4p1V3NvTcvVqGkcJ7aMDdIw8dI6q6AbVUB1R9Iie0St6s56sF+vd+pi0LljTmT30B9bnD4JVnPc=</latexit>

tscat = ⌘
Rlar

c

<latexit sha1_base64="u8qQ9yTVS+g31QjuBwtAcXhcLzQ="></latexit>

tacc. = �tcyc (E/�Ecyc)

<latexit sha1_base64="wVSQkzO/l7hiBUAAUzVVKeqkX34=">AAACA3icbVDLSsNAFJ34rPEVdaebYBFc1aQouhGKblxWsA9oYphMJ+3QySTM3AglBNz4K25cKOLWn3Dn3zh9LLT1wIXDOfdy7z1hypkCx/k2FhaXlldWS2vm+sbm1ra1s9tUSSYJbZCEJ7IdYkU5E7QBDDhtp5LiOOS0FQ6uR37rgUrFEnEHw5T6Me4JFjGCQUuBte+FUW5eQpArLRUnXkgB3+fVwiwCq+xUnDHseeJOSRlNUQ+sL6+bkCymAgjHSnVcJwU/xxIY4bQwvUzRFJMB7tGOpgLHVPn5+IfCPtJK144SqUuAPVZ/T+Q4VmoYh7ozxtBXs95I/M/rZBBd+DkTaQZUkMmiKOM2JPYoELvLJCXAh5pgIpm+1SZ9LDEBHZupQ3BnX54nzWrFPas4t6fl2tU0jhI6QIfoGLnoHNXQDaqjBiLoET2jV/RmPBkvxrvxMWldMKYze+gPjM8fQbmXRQ==</latexit>

= tscat/�
2
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Particle Accelerator Limits

tacc = ⌘
Rlar

c�2

[AM Hillas (1984)]

tesc. =
R

c�

<latexit sha1_base64="D7FPhTJbD7dKpeNnKfavWk3xibU=">AAACCnicbVBNS8NAEN34WeNX1aOXaBE8lUQKehGKXjxWsR/QhLLZTtqlmw92J0IJOXvxr3jxoIhXf4E3/43bNgdtfTDweG+GmXl+IrhC2/42lpZXVtfWSxvm5tb2zm55b7+l4lQyaLJYxLLjUwWCR9BEjgI6iQQa+gLa/uh64rcfQCoeR/c4TsAL6SDiAWcUtdQrH7l+kJnYy0Cxan7pBpKy7C7PmOsD0tzMzV65YlftKaxF4hSkQgo0euUvtx+zNIQImaBKdR07QS+jEjkTkJtuqiChbEQH0NU0oiEoL5u+klsnWulbQSx1RWhN1d8TGQ2VGoe+7gwpDtW8NxH/87opBhdexqMkRYjYbFGQCgtja5KL1ecSGIqxJpRJrm+12JDqNFCnNwnBmX95kbTOqk6tWrutVepXRRwlckiOySlxyDmpkxvSIE3CyCN5Jq/kzXgyXox342PWumQUMwfkD4zPH6bamjw=</latexit>

[Lovelace et al. (1976)]

Under the assumption of equipartition
of energy between kinetic energy and 
magnetic field:

<latexit sha1_base64="k26UNges34y5X+hetyE8xRChyjg=">AAACDHicbVC9TsMwGHT4LeGvwMhiUSExVUlVBAtSVRYGhoJIW6kJleM6rVXHiWwHqYryACy8CgsDCLHyAGy8DU6bAVpOsnW6u0/2d37MqFSW9W0sLa+srq2XNszNre2d3fLefltGicDEwRGLRNdHkjDKiaOoYqQbC4JCn5GOP77M/c4DEZJG/E5NYuKFaMhpQDFSWuqXK64fpOZ1P21mF05+192Ywtv7tJa5PlEIYjPTKatqTQEXiV2QCijQ6pe/3EGEk5BwhRmSsmdbsfJSJBTFjGSmm0gSIzxGQ9LTlKOQSC+dLpPBY60MYBAJfbiCU/X3RIpCKSehr5MhUiM57+Xif14vUcG5l1IeJ4pwPHsoSBhUEcybgQMqCFZsognCguq/QjxCAmGl+zN1Cfb8youkXavap1Xrpl5pNIs6SuAQHIETYIMz0ABXoAUcgMEjeAav4M14Ml6Md+NjFl0yipkD8AfG5w/FsZor</latexit>

LB = UB4⇡R
2�c

<latexit sha1_base64="TeK2b4BrUh2Dg/4TN6w5NfQexz4="></latexit>

Emax . Z

⌘
(�LKE↵~)1/2 ⇡ 10

Z

⌘

✓
�LKE

3⇥ 1043 erg s�1

◆1/2

EeV

<latexit sha1_base64="Au7iwBMauLXY/NVY9DlELwEVk8w=">AAACAnicbVDLSsNAFJ3UV42vqCtxM1gEVyURRTdCqQguq9gHtKVMpjft0MkkzEzEEoIbf8WNC0Xc+hXu/Bunj4W2HrhwOOde7r3HjzlT2nW/rdzC4tLySn7VXlvf2NxytndqKkokhSqNeCQbPlHAmYCqZppDI5ZAQp9D3R9cjvz6PUjFInGnhzG0Q9ITLGCUaCN1nL2WH6T2VScNyUN20fJBEwxlfGtnHafgFt0x8DzxpqSApqh0nK9WN6JJCEJTTpRqem6s2ymRmlEOmd1KFMSEDkgPmoYKEoJqp+MXMnxolC4OImlKaDxWf0+kJFRqGPqmMyS6r2a9kfif10x0cN5OmYgTDYJOFgUJxzrCozxwl0mgmg8NIVQycyumfSIJ1SY124Tgzb48T2rHRe+06N6cFErlaRx5tI8O0BHy0BkqoWtUQVVE0SN6Rq/ozXqyXqx362PSmrOmM7voD6zPH3DVlik=</latexit>

Emax = �eBR



Cosmic Ray Sources Have to be Local
(logarithmic scale)
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dGZK ⇠ 100 Mpc

[A. Taylor et al., Phys Rev D (2011)]

L0 ⇡ 4⇥ 1044 erg Mpc�3 yr�1

[E. Waxman, Astrophys. J. 452 (1995)]

L0 ⇡ L0n0 n0 ⇠ 10�5 Mpc�3

Only AGN and GRB appears to satisfy these requirements as the sources 
of extragalactic cosmic rays

⇡ E0ṅ0 ṅ0 ⇠ 10�6 Mpc�3 yr�1

[R. Lang and A. Taylor in prep.]



GRB Outflows as a Cosmic Ray Source

● As the source expands, CRs can be accelerated to 
energies between the knee and the ankle

● If the B-field is as large as ~G -> possibility of 
UHECRs

Andrew Taylor 40
[X. Rodrigues, A. Taylor, et al., ApJ 2019] 
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Electron Acceleration with Cooling

tacc = ⌘
Rlar

c�2

Esync
� ⇡ 9

4
⌘�1�2me

↵

Maximum synchrotron energy tells us how efficient accelerator is!

41

Emax
e =

✓
⌘�1/2

↵1/2(B/Bcrit)1/2

◆
mec

2

tcool =
9

8⇡↵

✓
UBcrit

UB

◆✓
h

Ee

◆

Andrew Taylor

Bcrit = 4⇥ 1013G

Where do synchrotron cutoffs 
for AGN and GRB sit in energy?
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Energy Transport Equation

<latexit sha1_base64="3c80SvhpN7HH1MfUg4aXTTLLOaY=">AAACI3icbVDLSgMxFM3UVx1foy7dBItQEcuMFBVBKLpxWcE+oK0lk2ba0EwyJBmhDPMvbvwVNy6U4saF/2La6UJbDyScc+69JPf4EaNKu+6XlVtaXlldy6/bG5tb2zvO7l5diVhiUsOCCdn0kSKMclLTVDPSjCRBoc9Iwx/eTuqNJyIVFfxBjyLSCVGf04BipI3Vda7afpDYbY3iboKFYOk1LGYK9Wj6mJx66Umm1Yhn+nh622 nXKbgldwq4SLwZKYAZql1n3O4JHIeEa8yQUi3PjXQnQVJTzEhqt2NFIoSHqE9ahnIUEtVJpjum8Mg4PRgIaQ7XcOr+nkhQqNQo9E1niPRAzdcm5n+1VqyDy05CeRRrwnH2UBAzqAWcBAZ7VBKs2cgQhCU1f4V4gCTC2sRqmxC8+ZUXSf2s5J2XyvflQuVmFkceHIBDUAQeuAAVcAeqoAYweAav4B18WC/WmzW2PrPWnDWb2Qd/YH3/AK+tpEk=</latexit>

⌧cool = (⌧�1
adi + ⌧�1

syn)
�1
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Steady State Electron Spectra
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•GRBs at HE and VHE:
~12 GRBs per year Fermi-LAT

•However, most science 
learnt from brightest event-
GRB130427A: 94 GeV max 
energy photon.

VHE emission has been a 
decades-long mystery

No Synchrotron Cutoff of the Brightest GRB 
Seen by Fermi-LAT

0.02
0.02

[Ajello et al., ApJ 863 138 (2018)]

tGBM
90 ~ 140 s, tBAT

90~ 160 s
z = 0.34
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No Synchrotron Cutoff of the Brightest GRB 
Seen by Fermi-LAT

[Ackermann et al., Science 343 (2014)]

[Kouveliotou et al., ApJL 779 (2013)]
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• Fermi-LAT detection from T0 to 
T0+700 s (max. energy photon 5 
GeV).

• Extremely bright burst:
– 2nd brightest afterglow 

measured by Swift-XRT.
• Very similar x-ray light curve to 

GRB130427A and GRB190114C.

Swift-XRT GRBs 
energy flux distribution at 11 hours
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[HESS- C. Hoishen, A. Taylor, et al., Nature 2019] 
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GRB 180720B Multi-Wavelength Light Curve

■ H.E.S.S. flux (100 - 440 GeV). 
Photon index consistent with 
-2.0.   

■ Fermi-LAT (detection < 700 
s). Photon index -2.0. 

■ XRT Photon index is -2.0. 

■ X-ray, HE + VHE Gamma-ray 
energy fluxes all sit at a 
consistent level.

■ Afterglow falling at same rate 
in all high energy 
wavelengths. 

[HESS- C. Hoishen, A. Taylor, et al., Nature 2019] 
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Possible VHE Emission Processes
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GRB 180720B SED- SSC Model Fit

Without KN effects, the ratio of the heights of the IC to Synchrotron 
bumps would scale with Ue/UB (ie. εe/ εB)
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[Nature 575, 459-463 (2019)] 

However, an SSC Origin of the Emission has been that adopted 
by others to describe early time VHE emission 

Usync
�

electrons
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Energy Loss Rates of 
Electrons and Photons

<latexit sha1_base64="/bSB2bh8Ap7syP3NFwbDuJRbENw=">AAACAXicbVBNS8NAEN3Urxq/ol4EL8EieCqJFPVY9OKxgv2AJoTJdpMu3U3C7kYoIV78K148KOLVf+HNf2PS5qCtDwYe780wM89PGJXKsr612srq2vpGfVPf2t7Z3TP2D3oyTgUmXRyzWAx8kITRiHQVVYwMEkGA+4z0/clN6fcfiJA0ju7VNCEuhzCiAcWgCskzjhw/yHRH0pCDlxEnBM4h13PdMxpW05rBXCZ2RRqoQsczvpxRjFNOIoUZSDm0rUS5GQhFMSO57qSSJIAnEJJhQSPgRLrZ7IPcPC2UkRnEoqhImTP190QGXMop94tODmosF71S/M8bpiq4cjMaJakiEZ4vClJmqtgs4zBHVBCs2LQggAUtbjXxGARgVYRWhmAvvrxMeudN+6LZums12tdVHHV0jE7QGbLRJWqjW9RBXYTRI3pGr+hNe9JetHftY95a06qZQ/QH2ucPrZSWZg==</latexit>�e�

<latexit sha1_base64="2wf1DjNJmYOJULeswapXk7a+N2c=">AAACBnicbVDLSsNAFJ3UV42vqEsRgkVwVRIp6rLoxmUF+4AmhJvpJB06k4SZiVBCVm78FTcuFHHrN7jzb0zaLLT1wL0czrmXmXv8hFGpLOtbq62srq1v1Df1re2d3T1j/6An41Rg0sUxi8XAB0kYjUhXUcXIIBEEuM9I35/clH7/gQhJ4+heTRPicggjGlAMqpA849jxg0x3JA05eJkTAucw77me657RsJrWDOYysSvSQBU6nvHljGKcchIpzEDKoW0lys1AKIoZyXUnlSQBPIGQDAsaASfSzWZn5OZpoYzMIBZFRcqcqb83MuBSTrlfTHJQY7noleJ/3jBVwZWb0ShJFYnw/KEgZaaKzTITc0QFwYpNCwJY0OKvJh6DAKyK5MoQ7MWTl0nvvGlfNFt3rUb7uoqjjo7QCTpDNrpEbXSLOqiLMHpEz+gVvWlP2ov2rn3MR2tatXOI/kD7/AGZB5iS</latexit>���

<latexit sha1_base64="UpCmD9QI9syvP/dq5uTvEbDrec8="></latexit>

R =
m2

ec
4

2E2
e

Z 1

0
d✏�

1

✏2�

dn

d✏�
Ke

Z 2Ee✏�/(mec
2)

0
d✏0�✏

0
��(✏

0
�)



Andrew Taylor 51

Attenuation through Pair Production 
on the EBL
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Very hard intrinsic spectrum (EBL de-absorbed), 
redshift 0.65 (most distant GRB from the 3 detected at VHE)

98% absorption at ~500 GeV due to EBL

GRB 180720B H.E.S.S. Detection

[HESS- C. Hoishen, A. Taylor, et al., Nature 2019] 



Andrew Taylor 53

HESS Detection of GRB 190829A

SDSS field

tGBM
90 ~ 60 s, tBAT

90~ 60 s
z = 0.078

Night 1 Night 2 Night 3

[HESS- A. Taylor, et al., Science 2021] 

First detection of a GRB in VHE band for multiple nights



MWL Energy Flux Lightcurve

X-ray and Gamma-ray energy fluxes decay in 
a remarkably similar way-

F(t) / t�↵
↵XRT = 1.09± 0.04

↵HESS = 1.05± 0.12

GRB was not detected by 
Fermi-LAT

[HESS- A. Taylor, et al., Science 2021] 



Origin of Synchrotron Temporal 
Decay
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(upstream)

� / t�3/8 R / t1/4

R

np

�

�

�

�

Liso
sync / t�1

<latexit sha1_base64="TbTWjidf7ThOT4DFldbfoGavlVw=">AAACDHicbVC7TsMwFHV4lvAqMLJYVEgsVAmqBGMFCwNDkehDatLKcZ3WqhNbtoMURfkAFn6FhQGEWPkANv4GN2SAliNZOjrnXl2fEwhGlXacL2tpeWV1bb2yYW9ube/sVvf2O4onEpM25ozLXoAUYTQmbU01Iz0hCYoCRrrB9Grmd++JVJTHdzoVxI/QOKYhxUgbaViteUGY2TfDTKUxzgcZVTz3hORCc6gH2amb27mZcupOAbhI3JLUQInWsPrpjThOIhJrzJBSfdcR2s+Q1BQzktteoohAeIrGpG9ojCKi/KwIk8Njo4xgyKV5sYaF+nsjQ5FSaRSYyQjpiZr3ZuJ/Xj/R4YWf0VgkmpisxaEwYXCW1DQDR1QSrFlqCMKSmr9CPEESYW36s00J7nzkRdI5q7uNeuO2UWtelnVUwCE4AifABeegCa5BC7QBBg/gCbyAV+vRerberPef0SWr3DkAf2B9fAPun5uJ</latexit>

(downstream) �

<latexit sha1_base64="Jyeoy9lmIDbiZJLmACH+bydV8c0=">AAACAHicbVDLSsNAFJ34rPEVdeHCzWARKkhJRNFl0Y3LCvYBTQiT6aQdOpkJMxOhhGz8FTcuFHHrZ7jzb5y0XWjrgXs5nHMvM/dEKaNKu+63tbS8srq2XtmwN7e2d3advf22EpnEpIUFE7IbIUUY5aSlqWakm0qCkoiRTjS6Lf3OI5GKCv6gxykJEjTgNKYYaSOFzqEfxbld8+VQhLlXnKVlP7WL0Km6dXcCuEi8GamCGZqh8+X3Bc4SwjVmSKme56Y6yJHUFDNS2H6mSIrwCA1Iz1COEqKCfHJAAU+M0oexkKa4hhP190aOEqXGSWQmE6SHat4rxf+8Xqbj6yCnPM004Xj6UJwxqAUs04B9KgnWbGwIwpKav0I8RBJhbTKzTQje/MmLpH1e9y7r7v1FtXEzi6MCjsAxqAEPXIEGuANN0AIYFOAZvII368l6sd6tj+nokjXbOQB/YH3+AArSlWc=</latexit>

(⇢1,p1)
<latexit sha1_base64="msU0KLI6VtznNbo/BNDKYuhWdxI=">AAACAHicbVDLSsNAFJ3UV42vqAsXboJFqCAlKYoui25cVrAPaEKYTCft0MlMmJkIJWTjr7hxoYhbP8Odf+OkzUJbD9zL4Zx7mbknTCiRynG+jcrK6tr6RnXT3Nre2d2z9g+6kqcC4Q7ilIt+CCWmhOGOIorifiIwjEOKe+HktvB7j1hIwtmDmibYj+GIkYggqLQUWEdeGGVm3RNjHmTN/Dwp+pmZB1bNaTgz2MvELUkNlGgH1pc35CiNMVOIQikHrpMoP4NCEURxbnqpxAlEEzjCA00ZjLH0s9kBuX2qlaEdcaGLKXum/t7IYCzlNA71ZAzVWC56hfifN0hVdO1nhCWpwgzNH4pSaituF2nYQyIwUnSqCUSC6L/aaAwFREpnZuoQ3MWTl0m32XAvG879Ra11U8ZRBcfgBNSBC65AC9yBNugABHLwDF7Bm/FkvBjvxsd8tGKUO4fgD4zPHw3olWk=</latexit>

(⇢2,p2)

Liso
sync

4⇡�2R2c
= ⌘��

2npmpc
2



Energy Spectrum Information
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Andrew Taylor

The effect of the EBL on the (optically thin) attenuation for a nearby 
(z=0.08) source for Eγ<6 TeV is a softening of the spectrum by around 
ΔΓ≈0.5, starting around 250 GeV.

[HESS- A. Taylor, et al., Science 2021] 



Spectra- First 2 Nights
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GRB 190829A- Testing the “Standard” and 
Non-Standard VHE Emission Scenarios
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Saving the One Zone SSC Paradigm
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Recently Proposed Ways to Resolve to 
Go Beyond the One Zone SSC Scenario

- External inverse Compton scattering? (B. Zhang et al. 2020)

- Convertor mechanism is taking place? (E. Derishev et al. 2019)

- Two zone synchrotron emission is taking place? (D. Khangulyan et al. 2021)

- Reverse shock contaminates X-ray emission? (O.S. Salafia et al. 2021)

……a renaissance of GRB astrophysics seems to be starting following the TeV
gamma-ray detections



Conclusions
u Fast shocks from massive energy release events are the most viable sources of 

extragalactic cosmic rays

u Synchrotron emission from long GRB tell us directly how efficient these sources 
operate as cosmic ray accelerators

u We are finally starting to probe the very high energy (TeV) gamma-ray emission 
from GRB, allowing us to start probing the magnetic fields in the source

u Curiously, the most recent HESS GRB detection is compatible with a continuation 
of the synchrotron emission beyond the expected supposed theoretical limit
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“Experimental confirmation of a prediction is merely a measurement. An experiment 
disproving a prediction is a discovery.” – E. Fermi
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GRB 190829A- Optical Data
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GRB 190829A- Radio Data
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Swift XRT Photon Index Distribution
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[Ajello et al., Ap. J., 863 138, 2018] 



Fermi-LAT Photon Index Distribution
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[Ajello et al., Ap. J., 878:52, 2019] 



Lightcurve- 3 Day Temporal Decay
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Particle Diffusion in Magnetic Turbulence 
(Quasi-Linear Theory)?

The propagation of cosmic rays is dictated by the magnetic field landscape 
they live in.
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Spatial Diffusion in Magnetic 
Turbulence?
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